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SUMMARY  
 
Some animal species live in stable social groups and scientists have long wondered how such groups 
are organized in space and how these groups maintain cohesion and make decisions. Group living 
animals need to trade-off the costs and benefits of close proximity to many conspecifics. Benefits can 
be increased, and costs reduced by preferentially choosing specific locations within a group, or by 
preferentially associating with specific group members. In many species, vocal communication also 
plays a key role in mitigating the compromises between individuals which lead to shared consensus 
decisions. Some animals using vocal communication to stay in contact, change their call rate depending 
on their location within the group and can thereby influence the movement of other group members.  
In this thesis, I addressed questions on group coordination and decision-making in wild 
meerkats (Suricata suricatta), small mongooses with a strict dominance hierarchy and a heterogeneous 
group composition, e.g. members varying in their needs and preferences. Meerkats live in an arid 
environment fluctuating in prey availability, which can influence group coordination and decision-
making. Most previous research focused on decisions preceding changes in group activity. Little work 
has focused on coordination when ‘on the move’, on decision-making under time constraints, and on 
the effect of harsh environmental conditions on group coordination and decision-making. Here I used 
data from natural observations and an experiment, to shed light on the spatial organisation of foraging 
meerkat groups, their cohesion mechanism and the limits thereof under challenging environmental 
conditions, as well as their decisions to stop foraging and to return to their sleeping burrow. 
My results suggest that the cost or benefits associated with specific spatial locations are small, 
at least during the afternoon, as meerkats showed no preference for specific locations within the group. 
Individuals of the same litter and different dominance status were less likely to be within close 
proximity of each other, suggesting that competition might play an important role for the spatial 
organization of a group. During foraging, meerkats emit contact calls depending on their location 
within the group and follow ‘vocal hotspots’, areas with many calls. When conditions deteriorate, as 
during a drought, individuals vocalized independent of their spatial location within the group. The 
increase of the number of group splits during the drought suggests that the call pattern used for 
coordination is not maintained on a global level and that the cohesion mechanism of meerkats is 
disrupted. Data from natural observations indicate that the decision of meerkat groups to stop foraging 
and to return to the burrow is shared between group members. Both the decision to return and the 
speed of the group at the return seem to depend on the urgency, as decisions were less shared and 
groups moved faster, when meerkats were far from their burrow and sunset was imminent. 
My thesis presents different aspects of group coordination and shows that group coordination 
and decision-making in meerkats is affected by environmental constraints. Whereas all meerkats seem 
to contribute to coordination and decision-making processes, the amount of sharing seems to be 
strongly affected by time constraints. In addition, while meerkats seem to be able to flexible adjust their 
coordination mechanisms to changes in the environment, coordination breaks down under extreme 
conditions. These observations indicate the importance of changes in the environment on group 
coordination and likely the evolution of sociality.  
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ZUSAMMENFASSUNG 
 
Manche Tierarten leben in stabilen sozialen Gruppen und Wissenschaftler wundern sich seit langem 
wie sich diese Gruppen im Raum bewegen, wie sie den Zusammenhalt bewahren und wie die Mitglieder 
dieser Gruppen gemeinsam Entscheidungen treffen. In Gruppen lebende Tiere, müssen die Kosten und 
Nutzen eines engen Zusammenlebens mit Artgenossen abwägen. Dabei können Vor- und Nachteile die 
durch den Aufenthalt an bestimmten Orten innerhalb der Gruppe oder den Anschluss an ausgewählte 
Gruppenmitglieder entstehen, maximiert bzw. reduziert werden. Tiere, die vokale Kommunikation für 
den Zusammenhalt der Gruppe nutzen, ändern häufig ihre Rufrate abhängig von ihrem Standort 
innerhalb der Gruppe. Dadurch können sie teilweise auch Einfluss auf die Bewegung anderer 
Gruppenmitglieder nehmen. In vielen Arten spielt vokale Kommunikation während 
Entscheidungsprozessen, wo sie der Kompromissfindung dient und so zu einem Konsens zwischen den 
Gruppenmitgliedern führt, eine zentrale Rolle. 
In dieser Dissertation behandle ich Fragen zur Gruppenkoordination und 
Entscheidungsfindung in wilden Erdmännchen (Suricata suricatta), einer kleinen Mangustenart mit 
gemeinschaftlicher Jungenaufzucht. Erdmännchengruppen haben eine strenge Hierarchie und eine 
heterogene Gruppenzusammensetzung, wobei sich die Tiere nicht nur in ihrem Alter und Status 
sondern auch in ihren Bedürfnissen und Präferenzen unterscheiden. Das Habitat von Erdmännchen ist 
arid und fluktuiert in der Regenmenge und dem Nahrungsangebot. Dies kann negative Konsequenzen 
auf die Koordination und die Entscheidungsprozesse einer Gruppe haben. Ein Großteil der Literatur 
beschreibt in erster Linie die Entscheidungen einer Gruppe zur Änderung einer Aktivität. Nur ein 
kleiner Teil der bisherigen Forschung thematisiert die Koordination während Gruppenbewegungen 
oder die Entscheidungsfindung von Gruppen unter Zeitdruck. Noch weniger wurde untersucht, wie 
Koordinations- und Entscheidungsprozesse von harten klimatischen Bedingungen beeinflusst werden. 
Für meine Arbeit nutze ich sowohl Daten von Beobachtungen im Feld als auch Daten die durch 
Experimente erhoben wurden. Konkret analysiere ich die räumliche Anordnung von Erdmännchen in 
der Gruppe, den Mechanismus für den Zusammenhalt der Gruppe sowie die Entscheidungen einer 
Gruppe die Nahrungssuche zu beenden und zum Bau umzukehren.  
Meine Ergebnisse deuten darauf hin, dass die Kosten und Nutzen bestimmter Standorte 
innerhalb der Gruppe zumindest am Nachmittag ausgeglichen sein könnten, da Erdmännchen keine 
Präferenz für bestimmte Standorte zeigten. Tiere des gleichen Wurfes oder unterschiedlichem Status 
mieden einander, was nahe legt, dass Konkurrenz zwischen bestimmten Gruppenmitgliedern während 
der Nahrungssuche eine wichtige Rolle für die räumliche Anordnung der Gruppe haben könnte. 
Während der Nahrungssuche geben Erdmännchen abhängig von ihrem Ort innerhalb der Gruppe viele 
oder wenige Kontaktrufe und bewegen sich auf ‚vokale Hotspots‘ – Bereiche mit besonders vielen Rufen 
– zu. Während einer Dürre, riefen Erdmännchen mehr und das unabhängig von ihrem Standort in der 
Gruppe. Dabei weist die erhöhte Anzahl von Gruppenspaltungen während der Dürre darauf hin, dass 
der auf Kontaktrufen basierende Zusammenhalt der Gruppe während Extremsituationen nicht 
aufrecht erhalten werden kann. Daten aus Beobachtungen im natürlichen Lebensraum legen nahe, dass 
alle Gruppenmitglieder zur Entscheidung die Nahrungssuche zu beenden und zur  Schlafstelle 
zurückzukehren, beitragen können. Allerdings scheinen sowohl der Entscheidungsprozess selbst, sowie 
die Geschwindigkeit der Gruppe bei der Rückkehr zum Bau von der Dringlichkeit der Situation 
viii 
abzuhängen, da weniger Tiere zur Entscheidung beitrugen und sich die Gruppe schneller bewegte, je 
weiter der Weg zum Bau war und je weniger Zeit zum Sonnenuntergang blieb. 
Meine Dissertation behandelt verschiedene Aspekte von Gruppenkoordination und zeigt, das 
Koordinations- und Entscheidungsprozesse durch die Umwelt eingeschränkt werden können. 
Während alle Erdmännchen zur Koordination der Gruppe und zur Entscheidunsgfindung beitragen 
können, scheinen beide Prozesse stark von Zeitdruck abzuhängen. Hinzu kommt, dass obwohl 
Erdmännchen ihre Rufrate flexibel an unterschiedliche Umweltbedingungen anpassen können, der 
Zusammenhalt der Gruppe unter extremen Bedingungen nicht aufrecht erhalten werden konnte. All 
diese Ergebnisse deuten auf die Wichtigkeit von Umwelteinflüssen auf die Koordination von Gruppen 
und vermutlich auch auf die Evolution von sozialen Systemen hin. 
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GENERAL INTRODUCTION 
 
 
Costs and benefits of group living 
In the broadest sense, an animal group can be characterized as an association of at least two individuals 
from the same species over a given amount of time, which interact with each other to a greater degree 
than with other conspecifics (1). An important aspect is that individuals do not only co-occur in time and 
space, but that they are also socially attracted to each other (2). In nature, animal groups can take many 
different shapes, from small family groups to large herds, shoals or flocks (2). Being part of a group can 
have multiple advantages for an individual, ranging from a reduction in predation risk through cumulative 
vigilance (2, 3) or dilution effects (4, 5), to a reduction of heat loss (6, 7) or an increase in food acquisition 
(2, 8). While most of the benefits of grouping are influenced by the size of a group, they can be outweighed 
by costs to each individual when group size is above the optimum (2). This can lead to groups forming 
only temporarily or groups splitting when conditions are suboptimal (2). The size of groups and 
subgroups depends on the trade-offs between costs and benefits, for example in spotted hyenas (Crocuta 
crocuta), where subgroup size increases with increasing risk from predators or competitors (9). Group or 
subgroup size can also be influenced by social preferences, kinship or the avoidance of aggression (9, 10). 
Differences in group composition can have important implications for the cost and benefit trade-offs faced 
by each individual in a group (2, 11, 12). For instance, in rabbits (Oryctolagus cuniculus) the life time 
reproductive success of females was negatively influenced by the presence of same sexed conspecifics (13). 
Furthermore, individual differences can have negative or positive effects on the group as a whole, for 
example predators often preferentially target ‘odd’ individuals, differing in morphological and/or 
behavioural traits (14). Therefore, groups including such individuals are more likely targeted than other 
groups. Different spatial locations within the group can also be associated with different risks or benefits. 
Hamilton predicted that if a predator always attacked the nearest prey, individuals at the periphery of a 
group should be at higher risk than individuals located toward the centre (4). This may be reflected in the 
spatial distribution of group members, with dominant individuals monopolising more central and 
therefore safer positions (15–17).  
 
Group decision-making 
For group living animals, group decisions are essential to regulate or synchronise the behaviours and 
actions of each group member into an integrated and harmonious group activity (18–20). Two 
conceptually different types of group decisions have been described, namely ‘combined’ decisions and 
‘consensus’ decisions (21). In combined decisions, each individual within a group chooses between 
different options, depending on the behaviour of other group members and the combined result of these 
individual decisions affects the whole group (20, 21). For example, in eusocial insect communities, 
individuals perform specific tasks, such as foraging or nursing larvae, according to the current need for 
either of the options (22). In contrast to consensus decisions, combined decisions do not require a group 
to remain cohesive and this type of decision-making is therefore common in fission-fusion societies (21, 
23). However, when group members need to synchronize in order to maintain the benefits of group living 
(2), they need to come to a consensus about the type and timing of group activities in order to avoid group 
fragmentation (19, 24, 25). This can lead to conflicts of interest, when activities are mutually exclusive, 
such as foraging and resting, and when individuals differ in their preferences for the optional activities or 
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the timing of these. Therefore, consensus decisions are invariably connected to ‘consensus costs’ to each 
group member where the outcome of the decision is suboptimal (11, 19, 21, 26).  
 Different numbers of group members can be involved in consensus decisions. When a single 
individual decides for the whole group and thereby emerges as the leader, the decision is referred to as 
‘unshared consensus decision’, while decisions with multiple or all group members participating in the 
decision-making process are referred to as ‘partially shared consensus decisions’ and ‘equally shared 
consensus decisions’ respectively (21). Shared consensus decisions have been suggested to be more 
beneficial to each individual in a group than unshared decisions, as the fitness costs to most individuals 
and the group as a whole, are reduced by finding a compromise between preferred options and by 
reducing the likelihood of extreme outcomes (19, 27). Certain circumstances are predicted to favour the 
evolution of shared consensus decision-making. For example, when grouping benefits are small, groups 
can split to avoid the fitness costs associated with following a despotic leader. Therefore to maintain group 
cohesion, shared consensus decisions should be favoured (27). Similarly, in a situation of high conflict, 
where costs associated with the different options available are large and vary extensively for members of 
the same group, individuals should have a strong incentive to participate in the decision-making process 
(27). In addition to improving the cost-benefit ratio for each individual, shared consensus decisions have 
been shown in some cases to enhance the accuracy of a decision, such as in honeybees (Apis mellifera) or 
house hunting ants (Leptothorax albipennis), where groups chose higher quality nest sites, when more 
individuals share the decision (28–30). While equally or partially shared consensus decisions seem to be 
more common in nature (20, 31, 32), there are nevertheless circumstances, in which it might be more 
beneficial to follow a despotic leader. Theoretical models suggest that unshared decisions are only likely 
to arise in small groups and when the leading individual has much greater knowledge about the different 
options than the other group members (19, 21, 33). In such situations individuals would incur less fitness 
costs when following the despotic leader, than when following their own decision. For example, bottlenose 
dolphins (Tursiops sp.) benefit from following the most informed individual in their group, when deciding 
where to move for foraging (34) and African elephants (Loxodonta africana) follow the matriarch, the 
oldest and most experienced female in the herd (35). In addition, it has been suggested, that less shared 
or completely unshared consensus decisions might be favoured when a group of animals is time 
constrained and decisions need to be taken fast (28, 29, 36).  
There are different ways how individuals can make decisions or participate in the decision-
making process. Couzin and his colleagues (37) proposed a model of collective movement with simple 
interaction rules, leading to efficient decision-making in the absence of explicit signals or complex 
mechanisms for the exchange of information. In this mechanism, used in some circumstances by fish (38), 
baboons (39) and humans (40), leadership can emerge, as group members respond spontaneously to 
highly informed individuals, rather than leadership being invoked through differences in individual traits 
such as dominance or age. Some decision-making mechanisms rely on positive and negative feedbacks in 
order to improve the accuracy or the speed of a decision (41). For instance, ant workers of the species 
Monomorium pharaonic, deposit pheromones on the route between a newly found resource and their 
nest, in order to attract additional foragers. Each ant moving along the trail will add additional 
pheromones according to the quality of the resource. High amounts of pheromones associated with high 
quality will recruit a higher number of helpers, resulting a positive feedback loop, while few pheromones 
indicate low quality or a depleted resource and recruit little to no help (42). When the trail gets crowded 
Lasius niger ants have been shown to decrease the amount of pheromones they deposit, thereby leading 
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to a negative feedback and reducing the number of additional recruits (43). Thus, these feedback 
mechanisms lead to an efficient distribution of the workforce and an efficient resource acquisition. In the 
above mentioned examples, leadership is passive and emerges as a property of the group. However animal 
groups can have active leadership, where potential leaders actively signal their intention and group 
members can then decide to follow or to ignore the leading attempt (44). In these cases individuals can 
‘vote’ to settle for one option, by communicating their preferred decision to their conspecifics (45). A 
number of species, such as honey bees (46), ants (29), fish (47, 48) and meerkats (Suricata suricatta) (49) 
have been shown to use a quorum rule to choose between options. A quorum is the minimum number of 
group members needed to be in favour of one option in order for the rest of the group to also choose that 
particular option (47, 49). Quorums thereby allow for information transfer and more accurate decision-
making while reducing the time spent deciding and the consensus costs to each group member (41, 47). 
 
Group coordination through vocal communication 
The interactions between animals can be mediated by the use of communication, where a signal is defined 
as being directed from a sender to an attentive receiver who changes its behaviour as a result of the signal 
(50). Animals can use different modalities to communicate with each other over different temporal or 
spatial scales, such as olfactory, visual, acoustic or electric signals (50–52). The acoustic modality offers 
great advantages as it allows individuals to share information locally, only within close range, as well as 
globally, with every group member, and with little influence of physical barriers (50, 52). Most mammal 
species have call repertoires of individually distinct calls with specific functions (53). Many different types 
of calls have been described, differing in their acoustic structure, the context in which they are produced 
and the response they elicit from a receiver (50). One of the most extensively studied call types are contact 
calls, ‘affiliative’ calls, used between conspecifics with affiliative relationships, for example group members 
(53). In the context of group coordination, contact calls play a major role and can encode various types of 
information. For instance, contact calls of many bird and mammal species contain information about the 
identity of the caller, which can be used by receivers to identify their social partner or group membership 
(53). Soft, close range contact calls, termed ‘close calls’, mainly function to regulate spacing between group 
members and/or the maintenance of group cohesion (54, 55), important for the stability of groups during 
locomotion and foraging. For instance, Japanese macaques (Macaca fuscata) have been shown to change 
the structure of their close calls when visibility is poor (56) while for example squirrel monkeys (Saimiri 
oerstedi) and ring tailed lemurs (Lemur catta) increase their call rate when group dispersion is increased 
(57, 58).  
 
Aims of research 
Most work on decision making of wild populations focuses on collective movement, when individuals have 
to decide where to move and when. These studies mostly focus on the pre-departure period of group 
travel or before changes in the activity of a group (31). In contrast, relatively little work has focused on 
group coordination during group movement, and how wild animal groups make decisions under time 
constraints. A so far neglected aspect has been how coordination and decision-making processes are 
affected by extremely harsh environmental conditions, when for example food resources become 
extremely scarce. As a consequence, group members will have to disperse much further to find prey which 
will have a negative influence on group cohesion and group decision-making. Here I aim to investigate 
how a wild population of meerkats coordinates activities and group cohesion, and how group coordination 
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is affected by time constraints and a long-lasting drought. In contrast to previous studies, I specifically 
investigate group coordination during times when animals are moving continuously rather than during 
pre-departure periods This is when coordination is more difficult as individuals can be more or less 
synchronized and information transfer might only be local rather than global. 
 
Study species 
Meerkats are a small, social carnivore belonging to the family of the Herpestidae. They occur in the 
southern part of Africa (Figure 1) and live in hierarchically organized groups of on average 15 individuals, 
ranging from 3 to 50 (59). Meerkats are cooperative breeders, meaning that all group members help to 
rear the offspring (59) and all adult females, not only the offspring’s mother, nurse young (Figure 2, 
bottom right) (60). The dominant female, in general the oldest and heaviest female in the group, makes 
most breeding attempts (around 80%), and the dominant male fathers most of her offspring (61, 62). 
During day time meerkats forage as a cohesive group and move through their home range. At night, they 
sleep in underground burrows, which they change on a regular basis (63). These burrows are commonly 
used as birth places for offspring, and meerkat groups remain at the birth burrow for the first three to 
four weeks in the life of the new litter (64). During this time mainly subordinate individuals take turns in 
babysitting the pups, enduring prolonged times of fasting (64). When pups reach about four weeks of age, 
they join the rest of the group to forage and all group members help to provide them with food until they 
can forage independently at about 3 months of age (Figure 2, centre right) (65).  
In this species males are the dispersing sex, starting to ‘rove’ from their natal group when they 
are about 1 year old (59). However, while females are generally philopatric, subordinate females are 
frequently evicted during the breeding season by the dominant female and are either readmitted into the 
group at a later time or can form new groups with roving males (66). While groups are highly social and 
individuals engage in many affiliative social interactions within their group (Figure 2, top left), groups are 
highly territorial, with territories ranging between 2 – 4 km2 (63). Territorial borders are maintained 
through scent marking (67) and are defended in inter group encounters, where groups ‘war dance’ against 
potential intruders (Figure 2, bottom left).  
Meerkats forage as a cohesive unit, each individual scrabbling head down for small prey living in 
the sand (Figure 2, centre left) (68). Typical prey includes invertebrates such as millipedes, larvae or 
scorpions as well as more rarely small vertebrates (geckos, lizards, small snakes, or rodents) (68). As each 
individual is searching for prey with its head mostly below ground, individual vigilance and visual 
communication between group members is reduced, and this might have led to the evolution of their 
sentinel and complex vocal system (69). During foraging group members take turns as sentinels, going 
on ‘raised guard’ and announcing the presence of potential predators (Figure 2, top right) (70), such as 
eagles or snakes. Meerkats can produce more than 30 different call types, some distinct and others being 
part of a graded system based on urgency, such as their alarm calls (71, 72). Most calls are only emitted in 
a specific context and some can help to mediate decision-making processes or help to coordinate group 
activities (70, 73).  
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Figure 1: Location and typical landscape at the study site in the Kalahari Desert, Northern Cape, South Africa. The 
big topographic map was taken from Philips’ graphic relief wall maps (1958) ‘Africa’ and the small satellite image 
from Google Earth. 
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Figure 2: Typical behaviours of meerkats at the study site: play-fighting, (top left corner), sentinel behaviour (top 
right corner), scrabbling for prey (centre left), pup feeding (centre right), running/ war dancing (bottom left), 
babysitting and suckling (bottom right). In this last image, both adult individuals carry GPS/Audio tags used for the 
data collection in chapter 4.  
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Study site and population 
The data for this study was collected at the Kalahari Meerkat Project, Kuruman River Reserve, in the 
Northern Cape of South Africa (Figure 1). Being located within the Kalahari Desert, the study site has an 
arid climate with less than 220 mm annual rainfall, and is characterized by its sandy soil and a vegetation 
including different grasses, shrubs and multiple species of acacia (61). For this thesis, we included long-
term data collected by the project over the last 14 years on more than 70 meerkat groups, ranging from 2 
to 49 individuals (mean ± SD = 15.1 ± 7.6), as well as experimental data and high resolution GPS and 
acoustic data collected between January and March 2015 on eight meerkat groups, ranging from 9 to 22 
individuals (mean ± SD = 15.6 ± 3.5). We further used vocal data recorded between October 2014 - 
January 2015 on 12 groups, ranging from 6 to 23 individuals (mean ± SD = 15.2 ± 5.5) and between 
October 2015 - January 2016 on 11 groups, ranging from 3 to 21 individuals (mean ± SD = 13.8 ± 4.4). 
Data of the long-term data set provided by the project were collected by visiting each of the groups on 
approximately three days per week in the morning for 3 hours, the evening for 1.5-2 hours or both. The 
groups were located by tracking VHF (very high frequency) radio collars fitted around the neck of one 
group member (67, 74). All animals within the groups were habituated to close human observation within 
less than 1 m and could be identified through individual dye mark combinations (67). 
 
Outline of thesis 
In this thesis, I investigate different aspects of group coordination in foraging meerkats, especially the the 
mechanism used to maintain cohesion and other decision-making processes. As the spatial location of an 
individual can reflect the trade-offs faced by each group member and these in turn have important 
implications for coordination, Chapter 1 is concerned with the spatial structure of foraging meerkat 
groups. In particular, I investigate whether the spatial location of each meerkat within a group depends 
on environmental factors such as predation risk or foraging success, and/or social preferences or 
competition. In Chapter 2 I investigate the mechanism used by meerkat groups to maintain cohesion. 
This mechanism relies on vocal communication, in particular the use of close calls. Therefore, use data 
from a playback experiment to investigate how receivers use close calls emitted by others to keep in 
contact. In Chapter 3 I examine how the coordination mechanism based on close calls, which I study in 
Chapter 2, is affected by extreme environmental conditions such as a drought. To investigate this, I use 
long-term data collected by the Kalahari Meerkat Project as well as focal recordings from a severe drought 
year (Oct 2015 - Jan 2016) and the preceding non-drought year (Oct 2014 - Jan 2015). Finally, in Chapter 
4 I examine how meerkats decide how and when to return to their sleeping burrow in the evening and 
whether this decision is monopolized by a single dominant individual. For this I use both high-resolution 
GPS data and continuous audio recordings for the same time frame, as well as long-term data collected 
by the Kalahari Meerkat Project. Overall this thesis addresses gaps in group coordination literature, in 
particular the importance of vocal communication, environmental pressures and time constraints for 
group coordination and decision making. 
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ABSTRACT 
Group living animals need to trade-off the benefits and the costs of close proximity to many conspecifics. 
Benefits can be increased, and costs reduced, by preferentially choosing specific locations within a group, 
best adjusted to an individual’s needs or by associating with specific group members and/or avoiding 
others. Here we investigated the spatial structure of foraging meerkat (Suricata suricatta) groups during 
afternoon foraging session and examined whether the spatial structure was shaped by predation risk, 
foraging success, social factors such as affiliation or aggression among group members, or a mix of these 
different factors. Using social network analyses, we found no correlation between specific within-group 
spatial locations and an individual’s dominance status, sex or age. However, we found evidence of 
avoidance among individuals of the same dominance status or litter, suggesting that competition between 
individuals plays an important role. Young individuals were more strongly connected at close proximity 
than older individuals and this relative connectedness remained stable over the period of the foraging 
session. We conclude that predation risk and foraging success were of minor importance during the period 
of data collection and that social affiliation and competition were the main driver of the spatial structure 
of foraging meerkat groups.  
 
 
INTRODUCTION 
The costs and benefits of group living are unevenly distributed as a function of individual traits, 
within-group spatial location and the mobility of a group (2). However, most studies focus either on the 
relative location of individuals within a group to assess differences in predation risk or foraging success, 
or they focus on the association between individuals, in order to draw conclusions on the social structure. 
Here we try to disentangle the impact of these different aspects on the spatial structure of a group. 
Theoretical models and empirical studies suggests that in stationary groups both predation risk (4, 15–17, 
75, 76) and foraging success increase toward a group’s periphery (15, 77, 78). In contrast, in mobile groups 
not only individuals at the edge of the group, but especially those at the front or the rear of the group’s 
progression are at higher risk of predation, depending on the mobility of the predator (2, 79–81). Similarly, 
foraging success increases toward the front of the group as the individuals located there are the first to 
reach a food source (77, 82).  
Variation in the costs of close proximity to group members are often dependent on an individual’s 
traits and the traits of its surrounding group members, such as rank, sex or age, and can vary in time and 
space, leading to the emergence of non-random spatial distributions of phenotypes within a group (2, 83, 
1 
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84). Through further non-random association or avoidance of particular conspecifics, each individual can 
increase the benefits of grouping or decrease its costs to an even greater extent. For example, individuals 
with the same sex or age might associate more often than random (85), and subordinate or sub-adult 
individuals might avoid encounters with dominant or older group members and therefore avoid central 
positions or they might be actively excluded from these locations (85, 86). Such processes could drive 
patterns of assortativity (preference for alike) or disassortativity (preference for different individuals) in 
the spatial positioning of individuals. 
Meerkats (Suricata suricatta) provide a great study organism to investigate the spatial structure 
of foraging groups and to identify the trade-offs faced by individuals in their choice of spatial location 
within a group. Meerkats are a cooperatively breeding mongoose species populating the southern part of 
Africa and living in groups of 2-50 individuals (87). They have a despotic hierarchy, with a dominant 
breeding pair and subordinate helpers (61). Individuals compete for dominance status and reproductive 
opportunity within a sex (59) leading to a hierarchy in subordinate individuals (88) as well as the 
temporary expulsion of some individuals from the group (89). Meerkats already face competition early in 
life, competing for access to helpers providing them with food as pups (90–92) and adjusting their growth 
when at risk of being outcompeted by their littermates (93). The dominant female is the most aggressive 
individual within the group and also highly competitive for food, especially when her dietary requirements 
increase, as during the breeding season (94). Meerkats forage cohesively and move continuously in search 
of mainly small prey scattered in the sand (68). During foraging, meerkats are at high risk of predation 
by terrestrial and aerial predators (61) which has led to the evolution of a coordinated sentinel system 
(95) and a sophisticated vocal system (69)  
Here we investigated whether the spatial structure of foraging meerkat groups is influenced by 
the potential predation risk or foraging success related to within group spatial location, social competition, 
or all of these factors. If foraging meerkat groups are structured based on predation pressure or their 
nutritional needs, we expect individual differences in location relative to the front of the group based on 
dominance status, sex and age. In particular, we expect the older and dominant individuals to be more 
likely located toward the centre-front of the group, where foraging success is likely the highest. In contrast, 
we expect younger individuals, who lack knowledge and experience in searching for prey, toward the 
centre-back where they can benefit from additional vigilance by their conspecifics, as they will take more 
time to find and extract prey and as a result have less time to be vigilant themselves. Moreover, we expect 
similar individuals, e.g. litter mates, to occupy similar spatial locations as they face similar trade-offs (2). 
However, if social competition among individuals plays the most important role, then we expect instead 
to see individuals avoiding their strongest competitors, potentially leading to occupying specific positions, 
e.g. less rewarding and more risky locations, relative to the whole group. In meerkats we expect the 
highest competition between subordinate and dominant individuals but also between individuals of the 
same sex or litter (88). These different aspects are not exclusive, therefore if multiple factors are important 
we expect to find a combination of these patterns, i.e. an age and dominance related distribution toward 
the front and rear as well as an avoidance pattern between similar individuals and the avoidance of 
dominant individuals by subordinates. 
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METHODS 
Study site and subjects 
The study was conducted at the Kalahari Meerkat Project, Kuruman River Reserve, in the Northern Cape 
of South Africa. Description of the habitat and climate are provided in Clutton-Brock et al. 1998 (59). Data 
were collected between January and March 2015 on six meerkat groups, with group sizes ranging from 9 
to 16 individuals (mean ± SD = 12.2 ± 2.9) and with an age range from 0.2 to 7.1 years (mean ± SD = 
1.9 ± 1.9), whereby 3 of the 6 groups had dependent pups of less than 3 months’ age. The data were 
collected during 17 afternoon foraging sessions, with two to three sessions per group and at least 3 days 
between visits to the same group. The afternoon foraging session during this time of the year typically 
lasted for 1.5 to 2 hours, starting when the meerkats resumed foraging after their rest during the hottest 
hours of the day and ending with the return of the group to their sleeping site. All animals in this study 
could be individually identified through dye mark combinations (67), with the dominance status, sex and 
age of each individual in a group as well as the group size being known, and were habituated to close 
human handling and observation, within a distance of less than 1 m. 
 
Recordings of location, behaviour  
The behaviour and location of four individuals (the dominant pair and two adult subordinates) was each 
recorded by four observers following a meerkat in the same group simultaneously, noting down its 
behaviour and tracking its location at 1Hz frequency, through a small device recording the GPS (Global 
Positioning System), subsequently called GPS unit (accuracy: 99% of fixes within 5m, 82% of fixes within 
2m, 60% of fixes within 1m), carried by each observer. Consequently, it was not possible to record data 
blindly. Up to 4 additional adult meerkats were fitted with a GPS unit on a collar (mean ± SD = 1.6 ± 1.4 
individuals per group). The location of the rest of the group was estimated every 2 min during ‘scans’, 
announced by one observer, when each observer estimated the distance and direction of each visible 
meerkat in relation to his or her own location (see Appendix, Supplement A, Figure 1a). From these 
estimates and the determined location by the GPS unit of each observer, we calculated the coordinates of 
each seen meerkat in the group using the package “geosphere” in R (96). For individuals seen by multiple 
observers we took the mean of each of the individually estimated locations and for the individuals that 
were followed we took the coordinates recorded by the GPS unit at the start time of the scan. See 
Appendix, Supplement B for an estimation of the estimation error by each observer. 
From the behavioural data of the four followed meerkats, we calculated the time each individual 
spent resting during the time from the start of each scan (scan time) to 60 seconds after the scan time. As 
we focused on times when the whole group was foraging, we excluded 162 of the 816 scans performed 
during the 17 sessions with two or more individuals resting for at least 30 seconds from the analysis.  
 
Fitting of GPS units on meerkats 
GPS units mounted on collars (22g, CCD ltd) were fitted on 1 to 4 meerkats (mean ± SD = 1.6 ± 1.4) 
before the start of a session. The length of the collar was adjusted in advance by measuring the neck of 
the meerkat during earlier sessions, enabling us to reduce the handling time for each meerkat when fitting 
the collar. Collaring was done by one person distracting the meerkat with a water bottle and a second 
person attaching the collar to the outstretched neck of the drinking individual. We did not attach a collar 
on meerkats that shied away from a collar during a given session.  
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Statistical Analysis 
We used R statistical software version 3.3.0 (96) to prepare and analyse the spatial location data. 
Specifically we used the packages ‘psych’  (97) to inspect the data, ‘maptools’ (98), ‘geosphere’ (99), ‘move’ 
(100) and ‘NISTunits’ (101) to calculate the locations of the scanned individuals, as well as the distances 
and turning angles for each individual and time step. Furthermore, we used the packages ‘sna’ (102), 
‘asnipe’ (103), ‘assortnet’ (104) and ‘igraph’ (105) for the social network analysis and ‘lme4’ (106), 
‘lmerTest’ (107) and ‘ICC’ (108)  for the statistical analysis. 
 
a) Generating spatial networks for each group 
As a group’s dispersion can change over time, affecting the appropriate distances used for the calculation 
of the association network, we first tested whether there were substantial changes in group spread over 
time. For this we calculated the average nearest neighbour distance during each scan for each session. We 
than tested, using a linear mixed effects model (LMM), whether the average nearest neighbour distance 
changed toward the evening and depended on group size and. We therefore included the interaction 
between scan number and group size as explanatory variables and added the session nested in the group 
as random factor. Average nearest neighbour distance ranged from 0.3 m to 1.0 m (mean ± sd = 0.9 ± 
0.1 m) in each group and decreased during the session (LMM: Estimate [2.5%, 97.5%] = 0.003 [-0.006, 
-0.003], t-value = -2.19, P = 0.03) and with increasing group size (Estimate [2.5%, 97.5%] = 0.01 [0.00, 
0.01], t-value = 2.07, P = 0.04). However, as the effective decrease with group size was small, we 
calculated a close range ‘1 m network’ for each group, where two individuals were regarded as in contact 
when they were within 1 m of each other. As meerkats are highly vocal and communicate constantly via 
close calls during foraging (109), we calculated a second ‘5 m network’ for each group where individuals 
counted as being in contact when they were within 5 m of each other. This distance threshold is based on 
playback results (73) showing that meerkats adjust their close call rate depending on their neighbours 
within approximately this range. The edge weights between a dyad was defined as the fraction of time the 
two individuals were seen within the given range (1 m or 5 m) divided by the total number of scans in 
which at least one of the two individuals was observed. For the analysis of the association patterns we 
calculated these weighted networks for all sessions per group combined. To investigate the stability of the 
associations between individuals, we also calculated the weighted networks for each foraging session per 
group separately, henceforth called 1 m session network and 5 m session network respectively.  
 
b) Association patterns  
We used the 1 m and 5 m networks to investigate whether meerkats associate preferentially with similar 
individuals based on their dominance status, sex, age class or litter affiliation. Based on the methods 
discussed by Farine and Whitehead (110) we calculated the sum of the edge weights between individuals 
of the same status vs. individuals of different status, same sex vs. individuals of different sex, individuals 
of the same age class vs. individuals of different age classes, and individuals of the same litter vs. 
individuals of different litters. For the last analysis, we only included individuals where at least one 
littermate was present in the group. While we calculated the sum of the edge weights over the network of 
each group, we calculated the test-statistics for the networks of all groups combined and tested the 
significance of the difference based on 1000 node permutations of each network (110) (Appendix, 
Supplement A, Figure 2). For the test statistics of each of the 4 comparisons, we fitted linear mixed effects 
models comparing the strength of connection between individuals of the same attribute (dominance 
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status, sex, age class or litter) vs. the strength of connections between individuals of different attributes, 
by including the sum of the edge weights as the response variable, the type of the connection (same vs. 
different attribute) as the explanatory variable and the group as a random effect. We then compared the 
coefficient of the observed network with the distribution of coefficient of the randomized networks. We 
used a Bonferroni-correction to account for multiple testing, adjusting the α level to 0.0125 and give the 
adjusted p-values in the results section. 
 
c) Network strength and individual repeatability 
To test whether the strength (sum of edge weights; a measure of local social density) of an individual 
within a group is dependent on the dominance status, sex, or age class of an individual, we fitted two 
LMMs with the strength, for the 1 m network and the 5 m network respectively, as the response variable; 
with dominance status, sex, and age class as explanatory variables, and with the individual identity nested 
in group as a random factor. Again, we controlled for multiple testing using a Bonferroni correction. We 
then calculated the proportion of the variance explained by individual identity, and tested whether the 
individual strength was repeatable across different sessions. For this we fitted the same two models again 
without the individual in the random term and compared them with a log likelihood ratio test. 
 
d) Location of individuals within the group 
To examine whether individuals preferentially use specific locations within the group, we first calculated 
the group’s centroid (mean x, y position across all individuals) for each scan, and then the mean distances 
to the centroid for each individual and session. We then fitted a LMM with the distance from the group 
centroid to the individual centroid as the response variable, dominance status, sex, age class and the 
strength of both the 1 m and the 5 m session networks as explanatory variables and the individual identity 
nested in the group as random factor. Furthermore, we calculated the magnitude of the individual vector 
when projected on the group vector (see Appendix, Supplement A, Figure 1b), indicating the order of 
individuals within the group in the direction of group movement, and fitted another LMM again with 
dominance status, sex, age in years and the strength of both the 1 m and 5 m session networks as 
explanatory variables as well as the individual identity nested in the group as random factors. We used a 
Bonferroni correction to account for multiple testing, adjusting the α level to 0.025. 
 
e) Comparison of alarm call events in the morning and afternoon 
The results from these previous sections (a-d) differ from previous studies by Bousquet (111) and Barnard 
(112). As the data from these previous studies were collected during the morning sessions, while the data 
for the current study where collected during the afternoon sessions, we investigated whether predation 
pressure might change throughout the day, explaining the differences found between the studies. For this, 
we used data collected by the KMP on the alarms given by groups between June 2013 and June 2016. We 
calculated the frequency of alarm events for each group for each session and standardized the frequency 
by the duration of each session, as the afternoon session is generally shorter than the morning session. 
We square root transformed the standardized frequency of alarm events given and fitted it as the response 
variable in a LMM. We fitted the session as explanatory variable and the group as random term. 
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RESULTS 
Association patterns 
When we compared whether meerkats were more frequently in the proximity of group members of the 
same dominance status, sex, age class or litter, we found a difference between the association of 
individuals within close proximity, i.e. the 1 m network (Table 1), and the 5m network which includes also 
individuals at larger distances to each other. In the 1 m network, we found that individuals of the same 
dominance status associated more with each other than individuals of different dominance status (Figure 
1a). However, we found that individuals of the same sex (Figure 1b) and litter (Figure 1d) were significantly 
less likely to be within 1 m of each other. Furthermore, individuals of the same age class (Figure 1c) were 
as likely to associate with each other as individuals of different age. For the 5 m network (Table 1), we 
found no difference in association between individuals of the same dominance status, sex or age class 
compared to individuals of differing dominance status (Figure 1e), sex (Figure 1f) or age class (Figure 1g). 
However, similar to the 1 m network, individuals of the same litter were less likely to be within 5 m of 
each other than animals of different litters (Figure 1h). 
 
Table 1: Results of the association patterns between individuals according to their trait. The networks were 
permutated 1000 times and a LMM was fitted to the original data and each of the permutations. The coefficients of 
the observed network were compared with the distribution of coefficients of the randomized networks. We used a 
Bonferroni-correction to account for multiple testing, adjusting the α level to 0.0125 and give the adjusted p-values 
in the table. Estimates and confidence intervals were calculated for the real data. 
Network type Individual trait Estimate Confidence Intervals 
[2.5%, 97.5%] 
P value 
1 m network Same dominance status 0.09 [0.07, 0.11] 0.004 
Same sex -0.02 [-0.03, -0.01] 0.10 
Same age -0.02 [-0.03, -0.00] 0.38 
Same litter -0.10 [-0.12, -0.08] 0.004 
5 m network Same dominance status 0.51 [0.37, 0.65] 1.00 
Same sex -0.10 [-0.17, -0.03] 0.06 
Same age -0.04 [-0.17, -0.09] 1.00 
Same litter -0.90 [-0.98, -0.81] < 0.001 
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Figure 3: Strength (connectivity) of an individual, i.e. the sum of the edge weights, in the 1 m network (a – d) and 
the 5 m network (e – h) respectively, in relation to whether the connected nodes were the same dominance status 
(a, e), sex (b, f), age (c, g) or from the same litter (d, h), as well as the distribution of the permutated coefficients and 
the coefficient of the observed networks (black line) for each of the different comparisons. The error bars show the 
standard deviation and the asterisks indicate significant differences (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001). 
 
 
Network strength and individual repeatability 
In the 1 m network, strength (the sum of the edge weights) was best explained by age, with younger 
individuals being better connected than older individuals (Figure 2a), while dominance status and the sex 
of an individual did not significantly affect network strength (Table 2). In the 5 m network, neither 
dominance status, nor sex or age (Figure 2b) had a significant influence on the individual strength (Table 
2). Individual identity accounted for 2% of the total variance in the 1 m network and strength was 
repeatable between different sessions (Log likelihood = -58, 01, DF=1, AIC = 130.12, BIC = 153.42, χ2 = 
186.96, P < 0.001). In the 5 m network individual identity accounted for 5% of the total variance but 
strength was not repeatable between different sessions (Log likelihood = -151.38, DF=1, AIC = 316.77, BIC 
= 349.07, χ2 = 0.32, P = 0.57). 
 
Location of individuals within the group 
The distance of an individual in relation to the group’s centroid was not significantly affected by 
dominance status, sex or age class of the individual nor by the strength within the 1 m network. However, 
an individual’s strength in the 5 m network predicted its location, with strongly connected individuals 
being significantly closer to the group centroid than less strongly connected individuals (Table 3). We 
found similar results for the order of individuals within the group progression, where again dominance 
status, sex and age class as well as the strength within the 1 m network did not affect the location, while 
the strength in the 5 m network significantly affected the order within the group, with more strongly 
connected individuals being located toward the front of the group’s progression. 
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Figure 2: Strength of an individual in the 1 m network (a) and 5 m network (b) against the age of the individual. 
The lines indicate the linear regression. 
 
Table 2: Results of the LMMs to test which individual traits affect the strength of an individual in the 1m and 5m 
network respectively connectedness of an individual. The strength is the sum of the edge weights of a network and 
a measure of relative connectedness.  
Response 
Variable 
Explanatory 
Variables 
Estimate  Confidence Intervals 
[2.5%, 97.5%] 
SE DF t value P value 
Strength 
in 1 m 
network  
Intercept 
Dominance: Sub 
Sex: M 
Age 
 0.81 
-0.04  
0.00  
-0.05 
[0.60, 1.03] 
[-0.21, 0.12] 
[-0.09, 0.09] 
[-0.08, -0.01] 
0.11 
0.09 
0.05 
0.02 
42 
60 
65 
62 
 7,32 
-0.52 
0.02 
-2.63 
< 0.001 
0.60 
0.99 
0.01 
Strength 
in 5 m 
network 
Intercept 
Dominance: Sub 
Sex: M 
Age 
   2.06  
-0.28  
-0.07  
-0.03  
[-3.70, -0.29] 
[-0.44, 1.37] 
[-0.19, 0.25] 
[0.16, 1.31] 
0.19 
0.14 
0.08 
0.03 
34 
56 
60 
58 
11.05 
-2.00 
-0.73 
-0.91 
< 0.001 
0.05 
0.47 
0.37 
 
 
Table 3: Results of the LMMs to test for special location preferences dependent on network strength or individual 
attributes (i.e. dominance status. sex and age). Distance stands for the distance to the centroid, while the order stands 
for the magnitude of the projected individual vector on the group vector (see Figure 1b). 
Response 
Variable 
Explanatory 
Variables 
Estimate  Confidence Intervals 
[2.5%, 97.5%] 
SE DF t value P value 
Distance Intercept 
1 m: Strength 
5 m: Strength 
Dominance: Sub 
Sex: M 
Age 
11.74  
 0.79  
-1.97  
0.58  
-0.25  
0.23  
[8.90, 14.59] 
[-0.57, 2.16] 
[-2.87, -1.12] 
[-0.91, 2.06] 
[-1.08, 0.58] 
[-0.08, 0.53] 
1.45 
0.70 
0.44 
0.76 
0.42 
0.16 
48 
198 
199 
195 
196 
197 
 8.09 
 1.14 
-4.48  
 0.76 
-0.59 
1.47 
< 0.001 
0.51 
< 0.001 
0.90 
1.00 
0.29 
Order Intercept 
1 m: Strength 
5 m: Strength 
Dominance: Sub 
Sex: M 
Age 
-1.99  
 0.46  
0.74  
 0.36  
-0.11  
0.03  
[-3.70, -0.29] 
[-0.44, 1.37] 
[0.16, 1.31] 
[-0.74, 1.46] 
[-0.71, 0.50] 
[-0.19, 0.25] 
0.87 
0.46 
0.29 
0.56 
0.31 
0.11 
106 
200 
200 
62 
64 
63 
-2.29 
 1.00 
 2.52 
0.64 
-0.34 
0.25 
0.05 
0.64 
0.03 
1.00 
1.00 
1.00 
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Comparison of alarm events in the morning and afternoon 
When comparing the frequency of alarm events between the morning and afternoon sessions, we found 
a median of 2.3 alarm events per hour (range 1-10.5) of foraging during the morning session and 1.5 alarm 
events per hour (range 1-15) for the afternoon session. (Estimate [2.5%, 97.5%] = --0.20 [-0.21, -0.18], 
SE = 0.008, DF=9726, t value = -24.78, P value < 0.001). 
 
DISCUSSION 
We examined the spatial structure of foraging meerkat groups. We calculated networks based on the time 
spent within two categories of spatial distance between individuals, 1 m and 5 m. We found no correlation 
between specific locations within foraging meerkat groups and individual traits. However, we did find 
correlates of local density, with young individuals, between 2 to 6 months, having the strongest 
connections within the 1 m network, with low variation between the different sessions. In the 5 m 
network, individual strengths varied between sessions and did not depend on the dominance status, sex 
or age class of an individual, but individual strength in the 5 m network was correlated to centrality in the 
group. In addition, we investigated the assortment between group members and whether it dependent on 
individual traits. We found that meerkats associated less frequently with their littermates, within both 1 
m and 5 m, but associated more within 1 m with individuals of the same dominance status. Alarm call rate 
was reduced in the afternoon compared to the morning, indicating a possible reduction in predation 
pressure in the afternoon. 
The lack of any correlation between individual traits, such as dominance status, sex, age or litter 
affiliation, and within group location suggests that the spatial structure of foraging meerkat groups is 
predominantly based on social affiliation or aggression, and only to a lesser degree on differences in 
predation risk or foraging success. Social competition in meerkats occurs mainly between individuals of 
different dominance status within the same sex, and to a lesser extent between individuals of the same 
litter (59, 88, 93). Nevertheless, competition between littermates seems to affect the spatial organisation 
of meerkat groups at a larger spatial scale than competition between individuals of different dominance 
status. Littermates compete from early on, and ‘loosing’ individuals at pup age avoid the winner directly 
after aggressive interactions (91). However, as the age of litters in our study ranged from 0.2 to 6.1 years, 
it is unlikely that this effect is solely driven by dependent pups and juveniles (14 individuals < 6 months 
of age out of total 76 individuals in all groups combined) spreading out to beg for food from different 
adults. Littermates of the same sex seem to pay attention to each other’s condition and adjust their food 
uptake accordingly (93). Moreover, the relatedness between littermates is generally higher than between 
siblings of different litters or between a natal individual and an immigrant to the group (113). Therefore, 
the spatial avoidance during foraging might reduce the competition for resources between highly related 
individuals, as the prey of meerkats consists mainly of small invertebrates, which they do not share among 
the independently foraging group members. The competition among littermates might also reflect the 
‘arms race’ between highly related and similar individuals benefiting from the same conditions from early 
on.  
The avoidance of dominant individuals seen in meerkats seems to be a common strategy to reduce 
the costs of close proximity to very competitive conspecifics and confirms studies in both invertebrates 
and vertebrates (17, 85, 86). The dominant female is the most aggressive individual within the group and 
highly competitive for food, especially when her dietary requirements increase as during the breeding 
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season (94). Physical aggression is mostly initiated or received at very close proximity to another 
individual. It therefore makes sense that individuals avoid very close proximity (within 1 m) to other 
individuals of higher dominance status, i.e. the dominant pair, but will associate without preference within 
a 5 m range. An alternative explanation for the avoidance of dominant individuals by subordinates in our 
study is potential mate guarding behaviour by the dominant male over the dominant female. We collected 
our data during the breeding season, when dominant males commonly mate guard (unpublished data 
KMP), leading to an increased likelihood of the dominant pair being within very close proximity of each 
other. This behaviour also reduces the likelihood of finding other subordinate males within close 
proximity of the dominant pair and might be an additional driver of the effect found in our results with 
dominant individuals being avoided at very close proximity but not at larger distances.  
Although we find no evidence that meerkats have a preference to be near individuals of similar 
age, younger meerkats were more strongly connected within 1 m than older individuals, and strength of 
these connections was stable over multiple sessions. During the study period, some of the groups had 
pups or juveniles foraging with the group. Therefore our result is not surprising as young individuals, 
especially pups, stay in very close proximity to their older helpers (90) and are likely the driver for this 
effect.  
We investigated whether the spatial structure of foraging meerkat groups is in line with the 
predictions for moving animal groups under predation risk, namely that animals at the front and edge of 
the group are at the highest risk of predation (2, 79, 80). As foraging success is likely to be highest at the 
front of the group’s progression (2) we expected older and dominant individuals to be more likely located 
there and younger individuals at the safer group centre. In addition, we would expect similar individuals 
more likely associating with each other, as they face similar trade-offs. However, we found no such spatial 
preferences or associations. Different factors might lead to the lack of spatial assortment by individual 
group members. One possibility is, that the level of satiation between group members, changes at different 
rates. For instance, at the time of data collection in the afternoon, older more experienced foragers might 
be more satiated than younger inexperienced foragers. As a consequence, young individuals might be 
more likely located toward the front of the group’s progression having to fear less competition from older 
individuals. Another possibility explaining the lack of spatial preferences based on individual traits is that 
raised guards might reduce individual risk and allow all individuals to forage at any spatial location, even 
when predation pressure might be high, However, during data collection a raised guard was observed 
only once for a couple of minutes (CG personal observation) and it is therefore unlikely, that sentinel 
vigilance played an important role for the spatial structure of the observed groups. Finally, as meerkats 
emitted fewer alarm calls in the afternoon, predation pressure at the time of data collection was likely 
low. Thus, meerkats do not necessarily face a trade-off between foraging success and predation risk and 
we would expect all individuals having the same probability to be located at the front.  
Our results differ from previous findings by Bousquet on the same meerkat population, and a 
study by Barnard  including in addition a second population. Both studies found adult or more dominant 
individuals to be more likely located toward the front of the group and young individuals more likely in 
central locations. These differences might be due to differences in predation pressure. The study by 
Barnard included data from in total 6 meerkat groups from both the Kalahari Gemsbok National Park and 
the Kuruman River Reserve, with the predation risk, especially from terrestrial predators being much 
higher at the National Park than at the Reserve (61). However, this was not the case for the study of 
Bousquet  which included only data collected at the Kuruman River Reserve. All, the current study and 
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the studies by Barnard and Bousquet were conducted during the breeding season and the groups in the 
different studies were of similar size. However, while the data by Barnard and Bousquet was collected in 
the morning, the data in this study was collected in the afternoon. As we found the rate of alarm calls of 
meerkats to be lower during the afternoon sessions compared to the mornings, differences in predation 
pressure between the different studies may explain the difference in the spatial structure of foraging 
meerkat groups. This suggests that meerkats flexibly adjust their behaviour to the level of predation 
pressure, with young and subordinate meerkats staying closer to the centre of the group than older and 
more dominant individuals when predation pressure is high. However, a systematic comparison is needed 
to confirm this hypothesis. 
Most studies focus either on the relative location of individuals within a group to assess 
differences in predation risk or foraging success, or on the association between individuals, in order to 
draw conclusions on the social structure. Here we tried to disentangle the impact of all these different 
aspects on the spatial structure. Our results suggest that the spatial pattern of foraging meerkat groups 
was mainly based on social preference and competition, while spatial differences in predation pressure or 
foraging success were of minor importance. Nevertheless, it is likely that meerkats flexibly adjust their 
location within the group to changes in predation risk. It has been argued that the ‘gambit of the group’ 
can lead to miss-interpretations of the social structure of animal groups, as animals might be closely 
connected socially, while being spatially separate (114). However, our findings on a highly social species 
suggest that the spatial and social structure of a cohesive group can overlap and that in some cases the 
observed spatial pattern can be used to infer the social structure of these groups. 
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APPENDIX TO CHAPTER 1 
 
 
(A) Schematics of data collection and analysis 
Figure 1: a) Example of a scan estimation on the spatial distribution of the foraging meerkats for two observers. The 
dots indicate the meerkats, the white striped and the black dot are meerkats followed by an observer. The dashed 
line indicates all the meerkats the striped observer has “scanned”, the solid lines all the meerkats the black observer 
has “scanned”. B) Projection of the individual position vector 𝑎 on the group direction vector 𝑔, leading to 𝑎1 (grey 
dashed line) the magnitude of the individual vector when projected on the group vector.  
 
  
Figure 2: Schematic highlighting the different steps used to investigate whether meerkats associate preferentially 
with similar individuals based on their dominance status, age class, sex or litter affiliation.  
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(B) Accuracy of the estimation of the locations of meerkats by observers 
In order to estimate the accuracy of the distance estimates, we calculated the distance between the gps 
location (GPSDist) of each observer and the distance between the estimated locations of the observers and 
their gps location (EstDist) (see Figure 3).  We log transformed GPSDist and fitted a linear mixed effects 
model (LMM) with the log of GPSDist as response variable, the estimated distance and the scan number 
as explanatory variables as well as the observer as a random effect.  
We found a significant correlation between both the scan number and GPSDist (Estimate [0.25, 
0.75] = 0.01[0.00, 0.01], DF = 262, t value = 2.21, P = 0.03) and EstDist and GPSDist (Estimate [0.25, 
0.75] = 0.06 [0.05, 0.06], DF = 262, t value = 16.27, P <0.001). 
  
Figure 3: Estimated distances against the calculated distances between GPS points. (a) Zoomed in section of the 
whole plot (b). The striped line shows the correlation between the estimation of the distances and the calculated 
distances line for all observers put together (r = 0.81) and the yellow line where the estimation would be the same 
as the calculated distances (r = 1). All the other colours stand for the different observers, each coloured line shows 
the correlation between the estimation of the distances and the calculated distances for each observer (r = 0,69; 
0.79; 0.83 and 0.86 respectively). Here we do not account for the error of the GPS tags themselves.  
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ABSTRACT 
Group coordination when ‘on the move’ or when visibility is low, is a challenge faced by many social living 
animals. While some animals manage to maintain cohesion solely through visual contact, the mechanism 
of group cohesion through other modes of communication, a necessity when visual contact is reduced, is 
not yet understood. Meerkats (Suricata suricatta) a small, social carnivore, forage as a cohesive group 
while moving continuously. While foraging, they frequently emit “close calls”, soft close-range contact 
calls. Variations in their call rates based on their local environment, coupled with individual movement, 
produce a dynamic acoustic landscape with a moving ‘vocal hotspot’ of the highest calling activity. We 
investigated whether meerkats follow such a vocal hotspot by playing back close calls of multiple 
individuals to foraging meerkats from the front and back edge of the group simultaneously. These two 
artificially induced vocal hotspots caused the group to spatially elongate and split into two subgroups. We 
conclude that meerkats use the emergent dynamic call pattern of the group to adjust their movement 
direction and maintain cohesion. Our study describes a highly flexible mechanism for the maintenance of 
group cohesion through vocal communication, for mobile species in habitats with low visibility, and where 
movement decisions need to be adjusted continuously to changing environmental conditions. 
 
 
INTRODUCTION 
Members of cohesively foraging groups must stay within close range of their group mates (2, 45) to 
achieve the benefits of group living. The mechanisms to reach group cohesion vary between species and 
are usually based on simple interaction rules such as attraction, repulsion and alignment between 
individuals, often achieved through visual cues, such as described for fish schools (37, 115). However, 
different mechanisms are needed in moving animal groups in structured habitats, when the location of 
an individual is highly dynamic and visual contact is limited. In these cases, other modalities of 
communication between individual group members become important to maintain group cohesion. Many 
bird and mammal species use vocalizations to reduce the risk of separation, especially during foraging 
(116, 117). ‘Close calls’, soft close-range contact calls, are frequently produced during group movement, 
and are thought to function primarily to maintain group cohesion (54, 116–118). When visibility is low, 
individuals often change the structure of their calls (119) or their call rate with increasing separation risk 
(54, 116). Most research has focused on changes in the vocal behaviour of individuals based on their 
relative spatial location to other group members (54, 116, 117, 119), but has not addressed the specific 
mechanisms by which contact calls lead to group cohesion. Here we investigated whether foraging 
2 
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meerkats (Suricata suricatta) use the distribution of close calls in the group (given by number of 
individuals and their call rate at a specific location) and follow in the direction of ‘vocal hotspots’, areas 
with many closely aggregated individuals calling at high rates (73), to maintain cohesion during 
movement. 
Meerkats, cooperatively breeding mammals, live in social groups of up to 50 individuals (61) which forage 
cohesively, typically 1 to 10 m next to each other (73). Individuals search for prey in the sand with their 
heads orientated downward (61), thus impairing visual communication. They instead rely on an array of 
vocal signals to coordinate their activities (71). During foraging, close calls are the most frequently emitted 
vocalisation and are thought to maintain group cohesion (71, 73). Meerkats adjust their call rates 
depending on their social environment (73, 120, 121) with call rates decreasing with increasing distance 
to their closest neighbour, and increasing toward the front of the group, relative to the direction of 
movement (73). Thus, a spatial pattern of calls, areas with few individuals calling at low rates and areas 
with many individuals calling at high rates (vocal hotspot), emerges with a vocal hotspot typically toward 
the centre-front of the group (73). Here we hypothesise that meerkats use the vocal hotspot to determine 
where most group members are located relative to their own spatial location, thus guiding each 
individual’s future movement toward them. To test this hypothesis, we manipulated the distribution of 
close calls in the group. We played back calls of multiple individuals from two sides, the front and the back 
edge of the group (Figure 1), creating two artificial vocal hotspots, and moved them into opposite 
directions. If meerkats are guided by the distribution of close calls in the group in their future movement 
direction, we would expect individuals to follow the closest artificially induced vocal hotspot. Thus we 
predict the group to elongate and/or split into two subgroups, as individuals at the front and back end of 
the group perceive two different vocal hot spots. 
 
METHODS 
The study was conducted at the Kalahari Meerkat Project, Kuruman River Reserve, in the Northern Cape 
of South Africa. Data were collected from January to March 2015 on eight groups, ranging from 9 to 22 
individuals (mean ± SD = 16 ± 4) during the morning foraging session. During the period of data 
collection, daily temperatures ranged from 10 to 42 °C and daily rainfall from 0.0 to 30.0 
𝑚𝑚
𝑚2
 (with a 
median daily rainfall of 3.1 
𝑚𝑚
𝑚2
  on a total of 16 days during the 3 month of data collection). A more detailed 
description of the climate and habitat are provided by Clutton-Brock et al 1998 (59). In contrast to winter 
when meerkats mostly forage continuously for the whole day, in summer meerkats forage for a couple of 
hours, starting just after dawn and in the evening before sunset, and rest during the hottest part of the 
day. All animals were visually identifiable through dye mark combinations (67) and were habituated to 
close human observation within less than 1 m. 
 
Recordings and playbacks of close calls 
To test whether meerkats follow areas with a high number of close calls, we performed a playback 
experiment, inducing two artificial vocal hotspots, areas with the highest calling rate. Calls, used in the 
playback sound files were recorded using a directional microphone (Sennheiser ME66 with K6 powering 
module) connected to a recorder (Marantz PMD660, sampling frequency 44.1 kHz, 16bit) at a distance of 
0.3 - 1.5 m to the individual. Playback sound files were created for each group in Cool Edit Pro 2.0 
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(Syntrillium Software Corporation) by selecting high quality calls from the recordings of the same group, 
where the playbacks were performed.  
We created two 20 min playback tracks for each group with close calls of four adult subordinate 
group members. The call rate of each individual on the track reflected its ‘natural’ call rate, observed 
during previous foraging sessions and was the same for both playback tracks. However, to avoid playing 
exactly the same sound files back simultaneously from both loud speakers, we randomized the order of 
calls of recorded individuals within each track, by assigning two random numbers to each call, one for the 
time within the playback and one for the call itself. We played these close call sound files as test condition 
to eight meerkat groups from the front and back edges of the group simultaneously. As a control, we 
played background noise, recorded in the group’s home range when no meerkats were present, with the 
same setup. We played both conditions to a group during the same morning session (starting 30 minutes 
after the onset of foraging to midday), to avoid confounding time effects due to possible changes in habitat 
and climate between sessions. The sound files were played from a Marantz recorder connected to a 
speaker (X-Mini Uno XAM14) attached to the leg of the observers at about 15 cm above ground. The order 
in which we played the close calls (test condition) and the background noise (control condition) was 
counter balanced, with at least 15 min between conditions. 
 
   
 
 
 
 
 
 
 
Figure 1: Diagram of the experimental setup: The length (blue dashed line) and width (green line) of a group (grey 
points) in the direction of movement (black arrow) as estimated in our data. The black squares indicate the location 
of the speakers in relation to the group during each playback.  
 
During the playback, observers with the speakers stood at the edge of the group, maintaining a 
constant distance of three meters to the closest meerkat. Hence, when meerkats moved toward the 
speaker, the speaker was slowly moved away from the group to maintain a constant distance. Throughout 
the playback, the observers recorded the behaviour of the group on a video camera (Sony Handycam 
3.3MPXL). Every two minutes (time steps) we estimated the spatial width of the group as the distance 
between the furthest two animals at an angle of 90° to the direction of group movement. We also 
estimated the length of a group as the distance between the first and the last meerkat in the direction of 
group movement (Figure 1). We further recorded the occurrence of subgroups, i.e. sub-clusters of at least 
three animals, as well as the distance (gap size) between the edges of these subgroups. To account for 
variation in overall group dispersion, we normalized the gap size by subtracting the average distance 
between neighbouring meerkats.  
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Statistical Analysis 
Statistical tests were carried out using R (version 3.3.1.) (96). In order to investigate whether groups split 
more likely when playing back close calls, compared to background noise, we fitted three linear mixed 
effects models (LMMs) (106) with the gap size, the length and the width of the group as responses, and 
the interaction between the playback condition and the time steps within each playback as explanatory 
variables. The time steps refer to the 2 min intervals at which we documented the length and width of the 
group and the gap size between subgroups. The intercept of the model represents the predicted values for 
the control playback of background noise at time step zero. The coefficients of the model (‘Estimate’ in 
Table 1) gives the difference in the mean of the levels of a categorical explanatory variable and the slope 
for continuous variables. It also indicates the direction of the effect of a factor (positive or negative) on the 
response variable. Gap size was log transformed before fitting the model to ensure the normal distribution 
of the data. We included the identity of the group as a random factor and accounted for multiple testing 
using a Bonferroni correction. 
 
RESULTS 
When artificially inducing two vocal hot spots by playbacks of close calls at the front and back edge in 
meerkat groups, individuals followed the nearby speaker, i.e. the closest location with the highest calling 
rate. Thus, the groups spatially elongated in the direction of the speakers, and the gap between subgroups 
became significantly larger when playing back close calls compared to background noise from the two 
opposite sides of the group (Table 1, Figure 2a, 2b).  
However, subgroups reunited toward the end of the playback (Figure 2a 2b). Groups did not widen based 
on playback condition (Table 1, Figure 2c). The time steps within each playback caused an elongation of 
groups, but it did not influence the gap size, nor the width of the group. We found no interaction between 
the time step within each playback and the playback condition (Table 1, Figure 2).  
 
DISCUSSION 
Our experiment reveals that meerkats use close calls, constantly emitted by their group members 
while foraging, to make decisions about their own movement direction. Creating two artificial vocal 
hotspots of highest call rates by playing back close calls of several individuals at opposite sides of the group 
resulted in an increase in group elongation and a higher probability of splitting into two subgroups. This 
effect decreased after some time into the playback, likely due to individual meerkats of most groups 
realized that they were getting separated and started to produce alert calls, causing the two subgroups to 
reunite (pers. obs. GG).  
Two different mechanisms might lead to groups splitting: individuals might orientate and follow 
toward the closest speaker, as the closest vocal hotspot, or individuals at the back of the group might move 
more slowly due to hearing many calls around them, but follow a general movement direction given by 
individuals in the front or being determined as commonly used foraging route. Given that not only the 
observer at the front of the group, but both observers slowly moved apart from each other and away from 
the closest meerkats, the first option is more likely. Meerkats followed the speakers carried by the 
observers, who decided on the movement direction (pers. obs. GG). Whether the movement direction of 
animals at the front of the group might have coincided with the direction chosen by the group is impossible 
to tell. However, the individuals in the back turned around to follow the speaker in the opposite direction. 
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Thus, if we had played the calls from both sides instead of the front and back of a group, we would expect 
the same results. Following a moving vocal hot spot allows each individual to constantly direct towards 
the part of the moving group where likely several members aggregate, and ensures group cohesion even 
if visual contact is restricted due to vegetation and topographical barriers, and no general foraging 
direction or route governs a group’s movement. 
 
 
Table 1: Results of the LMMs testing how the length, width and the formation of subgroups was affected by the 
playback of close calls and the playback of background noise. Significant effects are highlighted in bold. Due to the 
Bonferroni correction for multiple testing, the α level was reduced from 0.05 to 0.017 to account for multiple testing. 
The time steps are the 2 min intervals within the playback at which the length, width and gap size were estimated. 
The intercept of the model represents the predicted values for the control playback of background noise at time step 
0. The coefficients of the model (‘Estimate’) gives the difference in the mean of the levels of a categorical explanatory 
variable and the slope for continuous variables. It also indicates the direction of the effect of a factor (positive or 
negative) on the response variable. 
Response 
variable 
Explanatory variables 
 
Estimate 
 
Confidence Intervals 
[0.025, 0.975] 
SE 
 
DF 
 
t value 
 
p value 
 
Length  Intercept 16.84 [12.60, 21.09] 2.17 13 7.77 <0.001 
(in m) Playback ‘cc’ 7.84 [4.43, 11.25] 1.74 162 4.51 <0.001 
 Time step 0.33 [0.12, 0.54] 0.11 162 3.09 0.002 
 Playback ‘cc’ : Time step -0.26 [-0.56, 0.03] 0.15 162 -1.76 0.080 
Gap size  Intercept 0.39 [-0.17, 0.94] 0.28 33 1.36 0.183 
(in m) Playback ‘cc’ 0.90 [0.27, 1.53] 0.32 162 2.78 0.006 
 Time step 0.00 [-0.04, 0.04] 0.02 162 -0.13 0.898 
 Playback ‘cc’ : Time step 0.01 [-0.05, 0.06] 0.03 162 0.28 0.778 
Width  Intercept 23.58 [ 19.07, 28.10] 2.30 23 10.24 <0.001 
(in m) Playback ‘cc’ -1.58 [-6.27, 3.12] 2.40 162 -0.66 0.511 
 Time step -0.05 [-0.33, 0.24] 0.15 162 -0.31 0.755 
 Playback ‘cc’ : Time step 0.15 [-0.26, 0.55] 0.21 162 0.71 0.479 
 
Group coordination has mainly been studied in the context of movement initiation, however, how 
social animals coordinate movement while moving with restricted visual contact has been more 
challenging to investigate. Meerkats adjust their close call rate based on their own relative spatial location 
within the group as well as their social environment, calling less with increasing distance to the closest 
neighbour, and at higher rates toward the front of the group as well as when in close proximity to 
dominant individuals (73, 120). By following the emergent vocal hotspot, meerkats thus adjust their 
movement direction presumably to avoid losing contact with their group. Our results support the findings 
for wild sooty mangabeys (Cerocebus atys) (122) that an individual’s movement is influenced by its social 
environment and the call rates of other group members. Sooty mangabeys change their movement speed 
and potentially their direction depending on the call rate of their own subgroup and call rates of other 
primate species frequently associating with them. Nevertheless, it is unclear how individual mangabeys 
adjust their own call rate to their surroundings and contribute to the movement of others through their 
own vocal behaviour.  
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Figure 2: The mean (points) and standard deviation (whiskers) of a group’s length (a), the gap size between 
subgroups (b), and its width (c) during the playback of background noise (grey) and the playback of close calls 
(black), measured in two minute intervals throughout the experiment.  
 
Based on prior knowledge and the results of this experimental study we can integrate our 
understanding on both the production (73) and the receiver side of a moving vocal hotspot, defined as the 
location of the highest call rate within a group, and suggest it as a highly flexible coordination mechanism 
enabling to adjust to fast changing movement decisions. This mechanism shows similarities to cliff 
swallow “squeak calls” used to attract conspecifics to moving insect swarms (123). In a more general 
context the locations with highest densities of vocal signals function similar to ant pheromone trails to 
recruit and direct other group members to a specific location, though in the case of ants with stationary 
destinations (124). This suggests that signal hotspots, consisting of vocalisations or signals of other 
modalities, provide a robust and flexible way for individuals to track the core of the group and maintain 
cohesion during foraging. Previous studies show that close call rate increases toward the front of the 
groups progression (73), suggesting that individuals located at the front might actively increase their call 
rate. Furthermore, meerkats are able to distinguish between close calls of different individuals (121) and 
might therefore take the identity of the callers into account when following a signal hotspot. Whether 
these potentially more informed individuals can ‘lead’ the group [19, 20] by affecting the location of the 
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signal hotspot with an increase of their own call rate, thereby influencing the movement of others, is yet 
to be explored.  
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ABSTRACT 
The need for group living animals to coordinate their activities in order to benefit from group living, 
increases in environmentally challenging conditions, such as during a drought. Here, we study how 
meerkat (Suricata suricatta) group coordination is affected by drought and how individuals adjust their 
calling behaviour to drastic changes in their environment. During the drought, individual body condition 
and foraging success was reduced. In addition, movement speed increased, possibly as a response to 
scarcely distributed food. While we expected group dispersion to increase during the drought, meerkats 
seemed to avoid each other only at close proximity. We investigated whether individual meerkats changed 
their close calling behaviour in response to the drought and found a significant increase in close call rate 
during the drought. However, while call rate depended on an individual’s distance to its nearest neighbour 
during non-drought periods, meerkats called at high rates independent of the distance to their nearest 
neighbour during the drought. Finally, our results show a significant increase in the number of group 
splits during the drought compared to the non-drought. We suggest that, as each individual increases its 
call rate, the call pattern meerkats typically use for movement coordination is not maintained and the 
cohesion mechanism of meerkats is disrupted, resulting in an increase in temporary group splits. This 
indicates a breakdown in the cooperation between group members, and suggests that cooperative species 
might be more fragile when conditions turn extreme 
 
INTRODUCTION 
In order to maintain cohesion and to preserve the benefits of group living, individuals in mobile animal 
groups need to coordinate their activities (2, 45). Spacing between group members during foraging in 
highly cohesive species, typically depends on the availability and distribution of food (2, 125, 126), 
predation pressure (126) and the transmission range of signals (50). Various group living animals 
maintain group cohesion through visual contact (115, 127), while others, primarily animals in 
environments with low visibility or with individual group members dispersing over greater distances, use 
different modalities to remain in contact, such as olfactory (124) or acoustic communication (54, 116, 117). 
Detailed coordination mechanisms based on the latter have been described for some mammal species, 
such as sootey mangabeys (Cerocebus atys) and meerkats (Suricata suricatta) where an individual’s 
movement is influenced by its immediate social environment and the call rate of other group members 
(73, 120, 122, 128, 129).  
These coordination mechanisms which depend on the behaviour of each member, can be very 
fragile with respect to changes in the environment. For instance, water shortages associated with 
3 
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droughts, lead to a reduction in plant primary productivity and thereby to a reduction in available food 
resources (plants or prey) for most animal species (130–132). As resources become more scarcely 
distributed, group members need to spread out over a larger area (133, 134), impeding optimal signal 
transmission (50). Thus, the relative number of individuals within receiving range of a signal decreases 
with increasing inter-individual distances between group members (50), leading to an increased risk of 
temporary group fission (2, 135, 136). Furthermore, scarcely distributed resources can lead to a higher 
travel speed of each group member and the group as a whole (137), and as individuals move faster out of 
each other’s contact range, the risk of group fission increases even more. Nevertheless, group living 
animals exposed to extreme conditions may adjust their behaviour in order to facilitate cohesion and 
ultimately survival (130). For instance individuals maintaining vocal contact might increase their call rate 
with increasing risk of separation from their conspecifics (54, 116, 138). Using meerkats as our model 
system, we investigate for the first time, whether and how individual group members responded to an 
increased risk of separation caused by a severe drought, representing extreme ecological conditions 
extending the usual seasonal variation. 
Meerkats are obligate group living, cooperative breeders inhabiting the southern part of Africa. 
Their groups, ranging from 3 to 50 and averaging 15 individuals, have a despotic hierarchy with a 
dominant pair reproducing and subordinate individuals helping to rear offspring (59). Meerkats forage as 
a cohesive unit and their foraging behaviour is characterised by constant movement mostly with the head 
directed downwards, in search for mainly invertebrate prey in the sand (139). As invertebrate abundance 
is greatly dependent on precipitation (139), meerkats are highly susceptible to food shortages during 
longer lasting droughts. During foraging, soft, short range contact calls, termed close calls are the most 
frequently emitted vocalization, functioning to maintain cohesion (73, 129). Each individual changes its 
close call rate according to its location within the group, its distance to and the identity of its nearest 
neighbour (73, 120, 128). Through these changes in each individual’s call rate, a call pattern emerges that 
is marked by vocal hotspots, areas with a high call rate and a higher density of individuals (129). By tracing 
the call pattern and moving to where most calls are heard from, meerkats are able to stay within close 
contact to their group members while in constant movement (129). However, when pups are present, 
meerkats reduce their close call rate (140), potentially to avoid the attention from begging pups, or 
information redundancy, by being able to use the louder pup vocalizations to maintain cohesion towards 
the centre of the foraging group [ref].  
With meerkats relying on vocal exchanges to sustain cohesion and with the drought likely 
affecting the spatial distribution of a group (133, 134), we expect drought to have a negative effect on 
group coordination. To verify our predictions that (i) individuals are in worse body condition and whose 
foraging success is lower during the drought, we used long term data collected by the Kalahari Meerkat 
Project and investigated changes in each individuals’ morning weight and its daily weight gain. To 
investigate our hypothesis that (ii) the travel speed of groups increases during the drought we used GPS 
data collected by the Meerkat Project. We predicted (iii) an increase in nearest neighbour distances as a 
direct response to more scarcely distributed prey during drought conditions as well as (iv) an increase in 
individual call rate in order to minimise separation risk. We used focal recordings collected during the 
non-drought and the drought period to investigate how much time individuals spent within different 
distance categories to their nearest neighbour during the different periods, in addition to investigating the 
effects of drought on an individual’s close call rate. As meerkats reduce their call rate substantially when 
pups are present, we also tested for a difference in effect of the presence of pups during the drought 
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compared to the non-drought. Finally, we predicted (v) a higher frequency of group splits during the 
drought compared to a non-drought year as result of individuals struggling to maintain cohesion and 
tested this again using long term data.   
 
METHODS 
The data for this study were collected at the Kalahari Meerkat Project, Kuruman River Reserve, in the 
Northern Cape Province, inSouth Africa. Descriptions of the climate and habitat are provided by Clutton-
Brock et al. 1998 (59). Data were collected between October 2014 - January 2015 (non-drought) and 
October 2015 - January 2016 (drought). In the non-drought year daily rainfall ranged from 0.0 to 9.2 
𝑚𝑚
𝑚2
, 
while in the drought year daily rainfall ranged from 0.0 to 3.2 
𝑚𝑚
𝑚2
 and the long term average over 14 years 
ranges from 0.0 to 18.53 
𝑚𝑚
𝑚2
. All animals in the population were habituated to close human observation 
up to 1 m and could be identified through individual dye mark combinations (67). 
 
Weights data: calculation of body condition and foraging success 
As part of the general protocol of the Kalahari Meerkat Project, each meerkat is weighed by climbing onto 
electronic balances where it is rewarded with a small amount of boiled egg or water. Meerkats are weighed 
at each visit to a group, in the morning before the group starts foraging, again after about three hours of 
foraging, and in the evening before meerkats go below into their sleeping burrow (63). For our analysis, 
we only included adult subordinate individuals (a total of 135 adult subordinate meerkats, 53 during the 
non-drought and 97 during the drought) and used the morning weights as a measure of body condition. 
Furthermore, we estimated an individual’s daily foraging success by calculating its daily weight gain. For 
this we calculated the difference between an individual’s evening weight and its morning weight and 
standardizing it by the time between the morning weight and the evening weight for each individual. 
Positive values indicate an individual having gained weight, while at values below zero an individual lost 
weight. 
 
Travel speed of a foraging group 
Observers following a meerkat group take a GPS (global positioning system) fix from the centre of a group 
every 15 min (accuracy: 95% of fixes within 5 m; eTrex 10, Garmin International Inc., Olathe, KS, USA). 
GPS fixes are taken in the morning when the group starts foraging until the end of the observation session 
(about 3 h after the start of foraging), and in the evening from the start of the session until the group 
reaches its sleeping burrow (about 1.5h after the start of the session). From data of a total of 19 different 
meerkat groups, 18 groups during the non-drought and 15 groups during the drought, we calculated the 
distance a group travelled between two consecutive GPS fixes and the average speed of a group for every 
day the group had been visited during the non-drought and drought period. 
 
Focal recordings  
In order to investigate whether the cohesion mechanism of meerkats is affected by extreme drought, we 
collected vocal and spatial information on a total of 71 meerkats of 12 groups, ranging from 6 to 23 
individuals (mean ± SD = 15.2 ± 5.5), including between 1 and 7 pups (mean ± SD = 3.39 ± 1.69), per 
group during the non-drought and on 63 meerkats of 11 groups ranging from 3 to 21 individuals (mean 
± SD = 13.8 ± 4.4), including between 1 and 7 pups (mean ± SD = 3.25 ± 1.42), per group during the 
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drought. In total, we conducted 154 focal recordings during the non-drought and 148 recordings during 
the drought. Vocalizations of the focal were recorded using a directional microphone (Sennheiser ME66 
with K6 powering module) at a distance of 0.3-1.5 m to the individual, while simultaneously documenting 
the nearest neighbour identity and nearest neighbour distances (Marantz PMD661 professional, sampling 
frequency 48 kHz, 16 bit). The length of each recording was determined by the number of close calls 
emitted by the focal within the first 5 min of the recording: if less than 10 close calls were emitted, the 
recording was extended until 10 calls were recorded or after at maximum 10 min recording time. The 
sound files were analysed using Cool Edit Pro 2.0 (Syntrillium Software Corporation) and the data was 
processed further in R (version 3.3.1.) (96). We divided the nearest neighbour distances into the following 
categories: “0-2 m”, “2-5 m”, “5-10 m” and “>10 m”. Furthermore, we calculated the overall number of 
close calls emitted by the focal during each recording as well as the close call rate per minute, and the call 
rate per minute of the focal for each nearest neighbour distance category. Finally, we calculated the 
proportion of time each focal spent within each specific distance categories. 
 
Frequency of group splits 
To investigate the frequency of group splits during the drought compared to the non-drought year, we 
used data collected by the Kalahari Meerkat Project on a total of 19 different meerkat groups, 17 groups 
during the non-drought and 16 groups during the drought. Each meerkat group at the project is visited 
three to four days each week in the morning and/or, the evening. During each group visit, observers 
record if a group split has occurred, with group splits being defined as a group temporarily splitting into 
two or more mixed sex subgroups being further than 100 m apart from each other for at least 15 min, 
with sub-groups showing distinct behavioural changes. Such changes can, for example, be characterised 
by animals emitting lost calls or ‘war dancing’ toward other subgroups (unpublished data KMP). For our 
analysis, we only included the visits to the group during the four non-drought month and the four drought 
months, specified above. 
 
Statistical analysis 
Statistical tests were carried out using R (version 3.3.1.). We tested whether meerkats where in worse 
body condition during the drought than during the non-drought by fitting a linear mixed effects model 
(LMM) (106) with an individual’s morning weight as response variable, period as explanatory variable 
and the individual per season nested in group as random effect. We included individual per period, as 
most individuals while present multiple times in our data set, are mostly only present during one period, 
either the drought or the non-drought.  
We did a stepwise model reduction, where the full model was compared to all lower level models. 
The models were ranked based on their corrected Akaike information criterion (AICc) and we used the 
model with the lowest value as the model with the best fit. If the difference between models was within 2 
delta AICc, we chose the one with the lower number of degrees of freedom as the best model. We used a 
log likelihood ratio test to assess the significance of each of the fixed effects in the final model. The same 
process was also used for each of the following analysis which used linear or generalized linear mixed 
effects models. To investigate whether the foraging success of meerkats was lower in the drought, we 
fitted a second LMM with the standardized daily weight gain as response variable and period as 
explanatory variable and individual nested within group as response variable. In order to test whether 
meerkat groups moved faster during the drought than the non-dought, we square root transformed the 
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daily mean speed of a group and fitted a LMM with period as explanatory variable and group identity as 
random term. We examined whether meerkats spent a higher proportion of time further away from their 
nearest neighbour during the drought compared to the non-drought, using a Dirichlet regression (141). 
We used a matrix of the different time proportions within each distance category as a response, and period 
as explanatory variable. In order to investigate whether the call rate changed depending on the period, 
the distance to the nearest neighbour or the presence of pups, we fitted a LMM. We used the number of 
close calls emitted by a focal when in a specific distance category from its nearest neighbour as the 
response variable and added an offset of the logarithm of the total recording time. As explanatory 
variables, we included the interaction between the period and the distance category. We controlled for the 
group identity, the recording date, and the identity of a focal in the random term, as most of the individuals 
were recorded multiple times and most group members were recorded on the same date. In order to 
correct for over dispersion, we fitted an observation-level random term (142). To analyse the propensity 
for groups to split into subgroups in the drought compared to the non-drought as well as whether the 
drought influences the group size at which groups split. For this we used a generalised linear mixed effects 
model (GLMM) with a binomial link function, with the presence or absence of a split as the response 
variable and the interaction between group size and season as explanatory variables and group identity 
as random term. 
  
 
RESULTS 
Drought affected the foraging behaviour and the cohesion of the groups substantially in 
comparison to non-drought conditions. As expected, both the morning weight, taken as index of body 
condition (Log likelihood ratio test: χ2 = 121.39, P value < 0.001, Figure 1a), and the foraging success (Log 
likelihood ratio test: χ2 = 91.34, P value < 0.001; Figure 1b) of meerkats was significantly lower during 
the drought than during the non-drought.  In the drought period, foraging meerkat groups also travelled 
significantly faster than the non-drought period (Log likelihood ratio test: (square root transformed 
speed) χ2 = 24.19, P value <0.001, Figure 1c).  Opposed to our predictions individuals did not spend more 
time very far from their nearest neighbour during the drought. Meerkats decreased the proportion of time 
they spent within 0-2 m to their nearest neighbour, and significantly increased in the proportion of time 
they spent within 2-5 m to their nearest neighbour. However, there was no significant difference in the 
proportion of time individuals spent within 5-10 m and further than 10m from their nearest neighbour 
(Table 1, Figure 2). In line with our predictions meerkats increased their close calls rate during the drought 
in comparison to the non-drought period. We found a significant interaction between the season and the 
distance to the nearest neighbour (Log likelihood ratio test: χ2 = 374.7, P value <0.001; Table 2), with 
meerkats emitting more close calls during the drought than the non-drought and emitting less calls with 
increasing distance to the nearest neighbour during the non-drought but not during the drought (Figure 
3). In the best model the presence of pups had no significant effect on close call rate (Log likelihood ratio 
test: χ2 = 2.44, P value = 0.30; Table 2) and we found no significant effect of the interaction between the 
presence of pups and the study period (Log likelihood ratio test: χ2 = 0.05, P value = 0.83; Table 2).  
 
45 
 
 
 
 
 
 
 
 
 
 
Figure 1: (a) Mean morning weight; (b) mean weight gain of individuals (53 during the non-drought, 97 during the 
drought); (c) mean speed of meerkat groups (18 during the non-drought, 15 during the drought) during the non-
drought and the drought. Points show means and error bars the standard deviation. 
 
 
 
 
Figure 2: Percentage of time individuals (71 during the non-drought, 63 during the drought) spent in each nearest 
neighbour distance category during the non-drought (black circle) and the drought (white triangle). Mean indicated 
by point and standard deviation by error bars. 
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Table 1: Results of the Dirichlet model, comparing the proportion of time an individual spent within a specific 
distance category to its nearest neighbour between the drought vs. non-drought. 
Distance 
category 
Explanatory 
variable 
Estimate Confidence interval 
[2.5%, 97.5%] 
Std. error z value p value 
0-2 m Intercept 0.10 [-0.08, 0.29] 0.09 1.13 0.26 
 Drought -0.26 [-0.51, -0.00] 0.13 -1.98 0.047 
2-5 m Intercept -0.69 [-0.86, -0.52] 0.09 -8.16 <0.001 
 Drought 0.26 [0.02, 0.50] 0.12 2.15 0.032 
5-10 m Intercept -1.60 [-1.76, -1.44] 0.08 -19.65 <0.001 
 Drought 0.19 [-0.04, 0.41] 0.12 1.59 0.112 
> 10 m Intercept -1.79 [-1.95, -1.63] 0.08 -22.01 <0.001 
 Drought 0.03 [-0.20, 0.26] 0.12 0.25 0.802 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Close call rates of 107 adult meerkats, 71 during the non-drought and 63 during the drought (a) Mean 
(point) and standard deviation (error bars) of the close call rate per minutes against the distance to the nearest 
neighbour distance in meters during the non-drought (black circle) and the drought (white triangle); (b) Interaction 
plot showing the effects of period (non-drought vs. drought) and nearest neighbour distance category (‘0-2 m’, ‘2-5 
m’, ‘5-10 m’, ‘>10 m’) on the close call rate of an individual. 
 
 
 
 
 
 
 
 
 
b) 
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Table 2: Model summary statistics comparing close call rate between drought vs. non-drought (Period), the distance to the nearest neighbour (Dist (m)) and the presence of pups 
(Pups). The close call rate was used as response variable in a LMM. Models within 2 AICc units of the best model are highlighted in bold and were used to calculate averaged effect sizes 
(*standardised on two standard deviations following Gelman (2008)[54]). Abbreviations: df: degrees of freedom; w: relative model weights.  
 
 Intercept Dist (m) Period Pups Dist (m): Period Pups: Period df LogLik AICc ΔAICc w 
Model 1 2.67 + + + +  12 -7874.06 15772.4 0.00 0.43 
Model 2 2.51 + +  +  11 -7875.20 15772.6 0.24 0.38 
Model 3 2.60 + + + + + 13 -7873.88 15774.1 1.69 0.19 
Model 4 -3.50 + + + +  12 -7966.11 15956.5 184.11 0.00 
…            
Averaged parameters  2-5 5-10 >10   2-5 5-10 >10       
Estimate* 2.59 -0.74 -2.18 -4.85 0.55 -0.27 0.45 0.89 2.08 -0.26      
Unconditional SE 0.20 0.03 0.06 0.21 0.22 0.24 0.04 0.07 0.22 0.43      
Upper 95%CI 2.99 -0.68 -2.07 -4.44 0.98 0.28 0.55 1.02 2.52 0.36      
Lower 95%CI 2.19 -0.81 -2.30 -5.27 0.12 -0.62 0.40 0.76 1.64 -0.46      
Relative importance   1.00  1.00 1.00  0.62  0.19      
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The propensity of group splits was significantly higher during the drought compared to the non-drought (Log 
likelihood ratio test: χ2 = 44.27, P value < 0.001, Figure 4a) and for bigger groups (Log likelihood ratio test: 
χ2 = 10.74, P value = 0.005). However, during the drought groups split already at smaller sizes than during 
the non-drought (Log likelihood ratio test: χ2 = 10.74, P value = 0.001; Figure 4b; Table 3). 
  
 
 
Figure 4: (a) Proportions of observation days when groups split and did not split during the non-drought and the drought 
(b) Size of meerkat groups (17 during the non-drought, 16 during the drought) when groups split (white triangle) and 
when they did not split (black circle) during the non-drought and the drought. Mean indicated by point and standard 
deviation by error bars.  
 
 
Table 3: Model summary statistics for the number of group splits between drought vs. non-drought (Period) and group 
sizes (GS). The number of group splits was used as response variable in a GLMM with binomial error distribution. Models 
within 2 AICc units of the best model are highlighted in bold and were used to calculate averaged effect sizes 
(*standardised on two standard deviations following Gelman (2008)[54]). Abbreviations: df: degrees of freedom; w: 
relative model weights. 
 
 Intercept Period GS Period: GS df LogLik AICc ΔAICc w 
Model 1 -6.32 + 0.12 + 5 -446.86 903.7 0.00 0.96 
Model 2 -4.47 +   3 -452.23 910.5 6.73 0.03 
Model 3 -4.47 + 0.00  4 -452.23 912.5 8.73 0.01 
Model 4 -3.70    2 -469.07 942.1 38.40 0.00 
…          
Best model          
Estimate* -6.32 0.35 0.12 -0.15      
Unconditional 
SE 0.77 0.80 0.05 0.05      
Upper 95%CI -4.80 5.07 0.21 -0.06      
Lower 95%CI -7.84 1.93 0.03 -0.25      
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DISCUSSION 
Our study indicates that the mechanism of meerkats to maintain cohesion deteriorates under extreme 
environmental conditions such as a long-lasting drought. As body condition and foraging success declined and 
group travel speed increased during the drought compared to the non-drought period, our results give strong 
support for the substantial impact of the drought on individual meerkats as well as meerkat groups. Meerkats 
spent less time within very close proximity and more time further away from their nearest neighbour during 
the drought. In addition, close call rate, which was not affected by the presence of pups, increased during the 
drought, when meerkat groups were significantly more likely to split. While call rates during the non-drought 
decreased with increasing distance to the nearest neighbour as described previously in the literature (73), call 
rates were similarly high for all nearest neighbour distance categories during the drought. 
In contrast to our predictions, nearest neighbour distances did not increase significantly during the 
drought. Although individuals spent less time within 0-2 m and more time within 2-5 m to their nearest 
neighbour during the drought, we found no significant effect on the time an individual spent at the higher 
distance categories (5-10 m and >10 m) to the nearest neighbour. Even though maintained close proximity to 
their nearest neighbours, it is possible that group dispersion did increase during the drought. The reduced 
time spent at very close proximity to group members is likely due to meerkats trying to avoid foraging 
competition from their conspecifics and searching for more scattered and scarce food items. 
The best fitting model did not include the presence of pups. This is very likely the case because pups 
were present during all of the non-drought period and the first part of the drought period. While no pups 
were born or survived in the second part of the drought period, the number of recordings during this time is 
comparably small. Therefore, it is likely that while pups have an effect on close call rate the sample size with 
no pups, present was to small in order to detect the difference. This is supported by the relative importance 
of the presence of pups calculated for the averaged models is high, even though the factor was excluded from 
the best model. 
The cohesion mechanism of meerkats based on close calls was highly affected by the extreme drought. 
As predicted meerkats increased their close call rate during the drought compared to the non-drought. The 
presence of pups did not significantly affect close call rate, likely due to similar numbers of pups being present 
during both the non-drought and the drought period. However, while the changes in call rate of an individual 
in the non-drought was in line with earlier findings described in literature (73), namely that call rate decrease 
with increasing distance to the nearest neighbour, an individual’s call rate during the drought did not follow 
this pattern. The mechanism of meerkats to maintain cohesion functions by meerkats calling differently based 
on their nearest neighbour distances and by individuals following the direction where most calls are heard 
from (129). During the drought when travel speed increases, the number of individuals within contact range 
might decrease. Therefore, an individual might increase its call rate to keep its neighbours within close 
proximity without having to move toward the rest of the group, thereby losing possible foraging time. In 
addition, with each individual being in bad condition and foraging success being low, the motivation for 
individuals to lead might increase (143), resulting in an increase in call rate independent from the distance to 
the nearest neighbour. Consequently, when multiple or all group members increase their call rate, multiple 
vocal hotspots emerge. While cohesion with the nearest neighbours might be maintained, small subgroups 
will emerge, the global cohesion mechanism of the group as a whole starts breaking down and the group will 
begin to split. This is in line with our finding that groups were indeed significantly more likely to split during 
the drought than the non-drought. During the drought, groups split also at smaller sizes, which can probably 
be explained by the average group size being smaller during the drought as groups bred less successfully 
(unpublished data). 
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It is important to notice that changes in close call rate do not have to be the cause for the increase in 
temporary group splits during the drought. For instance, meerkats might manage to maintain a higher degree 
of cohesion by calling more. Accordingly, we might have recorded a lower number of group splits than 
possible, because meerkats called at higher rates. However, this explanation is not very likely, as individuals 
did not only increase their call rate but did also call independently of the distance to their nearest neighbour. 
As a result, meerkats would be more likely to move to areas with few group members calling at high rates, 
rather than to the area with many individuals calling at high rates and this would increase the risk of the 
group splitting, rather than reducing it. 
Another possibility is that the increased frequency of temporary group splits is independent of close 
calls and entirely driven by the scarcity of potential prey and the increased dispersion between group 
members. However, we found only a small increase in nearest neighbour distances and it is difficult to assess 
how strongly this affected group dispersion and the risk for temporary group splits. In order to disentangle 
the importance of food scarcity alone, experimental methods and theoretical approaches would be necessary, 
as they would allow to simulate different degrees of resource availability while controlling for close call rate.  
 If temporary group splits were independent of close calls, the question remains why meerkats 
increase their close call rate independent of their nearest neighbour distance. Call rate might be affected by 
the difference in group dispersion as mentioned previously, but there is a further possibility: close calls might 
allow to distribute vigilance between all group members while individuals cannot afford to go on sentinel duty 
as often anymore (144). Under normal conditions, the least hungry individual might go on sentinel instead of 
foraging, allowing its group members to reduce individual vigilance and to spend more time foraging (95). 
Sentinels emit different call types to give a graded warning about predators. ‘Calming’ calls inform group 
members about the absence of predators and lead to group members decreasing individual vigilance, while 
‘warning’ calls lead to an increase of individual vigilance (145). A study conducted during the same period as 
the current study (144), found that meerkats responded in the same way to close calls as to warning calls 
during the drought, namely reducing individual vigilance in response to close calls, while vigilance behaviour 
was not affected in response to close calls during non-drought conditions. Therefore, meerkats might increase 
their close call as part of their individual vigilance effort during the drought. Meerkats have two different types 
of close calls, the normal foraging close calls and the vigilance close call (146). Vigilance close calls are emitted 
by individuals who were on bipedal vigilance and return to forage. In our study, we did not differentiate 
between the different types of close calls and we do not have any information on vigilance of individuals. If 
meerkats increased the amount of individual vigilance, this could lead to an increase in close call rate 
independent of the location of the individual within the group.  
However, it is unlikely that the increase in temporary group splits is completely independent of close 
calls, as the function of close calls is to maintain group cohesion and thereby to reduce the likelihood to split. 
It is much more likely that each individual, desperately in search for food and for contact to its group members 
will increase its call rate, which in turn would lead slightly more dispersed meerkats to follow in the ‘wrong’ 
direction. Nevertheless, it is likely that meerkats also increase the rate of vigilance and vigilance close calls, 
which can then in turn be used by their surrounding group members to regulate their own vigilance effort. 
To conclude, we suggest a breakdown of the vocal coordination mechanism due to the extreme 
environmental pressure. Whether this is an indicator for a collapse in cooperation between group members, 
a cooperative effort to distribute vigilance and/or a desperate measure to maintain cohesion remains unclear 
and experimental and theoretical approaches combined will be necessary to fully assess the impact of extreme 
environmental conditions on group coordination and cooperation more generally. Learning how group living 
animals respond to these challenging conditions, will help us understand how sensitive cooperative species 
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are to these extreme environmental changes. While it has been stated that sociality and cooperation allow 
animals to expand their habitat to areas they could never survive in when solitary (147), species relying on 
cooperation to survive, might be more fragile than solitary species when environments turn even harsher. We 
strongly encourage future investigations into the stability of coordination mechanisms and cooperation in 
general in order to better understand the evolution of sociality.  
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ABSTRACT 
Social animal groups often make consensus decisions about when to return to a sleeping site after a day of 
foraging. These decisions can depend on extrinsic as well as intrinsic factors, and can range from unshared to 
shared. Here we investigate how decisions of meerkats (Suricata suricatta) to return to their burrows are 
coordinated, whether they are shared or monopolised by dominant individuals, and what factors influence 
the timing and speed of return. Individual meerkats can initiate group movements using ‘lead’ calls, and 
groups can change foraging patches using ‘move’ calls in a quorum response. We found that both call types 
can be emitted during the return to the burrow, with the probability of move calls increasing as sunset 
approaches, and the probability of lead calls increasing with greater distance to the burrow when sunset is 
imminent. Dominant and subordinate individuals did not differ significantly in move and lead call rate. 
Further, the time of return was better predicted by the foraging success of all subordinates in the group (with 
the group returning later when success was low) than by the foraging success of the dominant individuals.  
This suggests that decisions to return are shared rather than controlled by dominants. The speed of return 
depended both on extrinsic factors, such as the presence of pups, the time until sunset, and the distance to the 
burrow, and on intrinsic factors such as satiation. Our results indicate that both the speed and timing of the 
return depend on urgency, and the higher incidence of lead calls when groups are far away from the burrow 
near dark suggests a possible change of the decision-process from shared to unshared as urgency increases. 
Our study highlights the impact of time constraints during decision-making processes and in particular on 
the level of decision sharing. 
 
INTRODUCTION 
Consensus decisions are necessary when individuals within a group must synchronize their activities in order 
to maintain the benefits of group living (2). As group members may differ in their preferences for the type 
and timing of activities, consensus decisions are typically connected to consensus costs to individuals for whom 
the decision outcome is suboptimal (19, 26). Consensus decisions can range from ‘shared’, when all or many 
individuals join in the decision-making process, to ‘unshared’ when only one or few individuals emerge as 
leaders (21). Evidence from laboratory experiments (29, 148, 28, 149) and theoretical models (150) shows that 
collective decision-making processes are greatly affected by time constraints (36) and can as a consequence 
shift from highly shared to less shared decisions within the same overall context (29). However, evidence from 
group living species in their natural environment on how time constraints influence group decisions is 
currently lacking.  
Many social mammal groups in the wild need to reach collective decisions about when to leave on 
daily foraging trips, where to go, when to return, and where to spend each night. Previous analyses have 
mostly examined the departure for daily foraging trips, and have shown that in some species leadership is 
4 
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determined by the social rank of an individual (151, 152). Furthermore, energetic demands can drive variation 
in leadership, with the most hungry individuals being the most likely to initiate group departure (Fischhoff et 
al., 2007; King & Sueur, 2011; Furrer, Kunc & Manser 2012). If the needs of an individual are not entirely 
satisfied after a decision is taken, it can adjust its behaviour by allocating its time differently, e.g. instead of 
spending the time vigilant or resting it may forage, thereby reducing consensus costs (154). However, when 
time is the limiting factor, as for diurnal species when dusk is approaching, individuals are often unable to 
compensate for unsatisfactory decisions. This can lead to an increase in the consensus costs to each individual 
and therefore greater conflicts of interest over the timing of a change in group activity. Theoretical models 
suggest that shared decision processes are likely to evolve in decisions about activity synchronisation under a 
wide variety of circumstances, but particularly when individuals differ strongly in their requirements and 
consensus costs are high (26, 27). This is because in contrast to decisions on fixed destinations where 
individuals have to decide for either alternative, group members can compromise and average the timing of 
decisions, thereby lowering the consensus costs to all individuals (26, 27). Following this argument further, 
we predict that decisions about the timing of an activity will be less shared when conflicts of interest are low 
and the costs of delaying a decision are high, i.e. in situations with time constraints.  
Decision-making can be investigated on different levels, as individual level processes emerge into 
group level outcomes. In decisions about the timing of an activity, the change in travel speed or the arrival 
time at a destination can give insight about the underlying trade-offs and decision processes. For example, the 
timing of return to a sleeping site is likely influenced by the satiation level of group members, with groups 
returning later when their members are not fully satiated due to low foraging success, and earlier when 
foraging success was high. Here the differences in foraging success by each member may explain the variation 
in the type of consensus, namely whether the decision is shared or unshared. Specifically, we expect that if 
decisions are monopolized by a high-ranking leader, the group would return earlier when this leading 
individual is fully satiated, independent of the satiation level of its group members. Furthermore, the decision-
making process can depend on the ‘urgency’ of a situation, i.e. how fast a decision needs to be taken. House-
hunting ants (Leptothorax albipennis) lower their quorum threshold to decide between multiple nest sites 
when their previous nest was destroyed, compared to conditions when their old nest site remained intact and 
the decision time was less of a concern (29). When determining the return time to a sleeping site in groups of 
diurnal species, the urgency of a situation might depend on the distance still to be covered during the 
remaining time of daylight. Groups can adjust their travel speed and their directness of their route toward 
their target destination, or as with the ant example, they might adjust the decision-making process in order 
to save time.  
Meerkats (Suricata suricatta), an obligate group living and social mongoose species, offer an ideal 
opportunity to study the decision-making process underlying the timing of collective returns to sleeping sites. 
Meerkat groups have a despotic social structure with a dominant pair breeding and subordinate individuals 
helping to rear the offspring (155). While meerkats usually change their sleeping burrow every couple of days, 
they stay at the same burrow for up to four weeks when they have very young pups, not yet foraging with the 
group (155). When the pups start joining the group on the daily foraging trips, subordinate individuals in 
particular contribute to feeding and guarding them (156). In meerkats, a single individual can initiate group 
departure from the burrow (157) often mediated through ‘lead calls’, whereby lead calling individuals are 
more frequently followed than individuals that silently depart (157). When foraging, all individuals can 
contribute in decisions to change the foraging patch using ‘move calls’ (49). These calls are used in a quorum 
mechanism, whereby a minimum number of individuals must be in favour of a change in activity or 
destination in order to be followed by the rest of the group (49, 47). Move and lead calls are part of a 
continuous graded call system with move calls on one end and lead calls on the other end of the acoustic 
56 
 
 
spectrum (unpublished data) and both call types have been observed to be emitted in the evening shortly 
before the return of a group to its sleeping site (GG, MM personal observation). Groups can return to their 
sleeping burrow in two different ways, which can be broadly categorized as slow (foraging until they reach 
their sleeping burrow) or fast (interrupting their foraging to run back to a sleeping burrow, often emitting 
move and lead calls) (GG, MM personal observation)). 
  As yet, few studies have explored the decisions groups have to make at the end of each foraging day, 
and those that have focused on the selection of sleeping sites (158, 159). Despite the fact that collective returns 
represent critical consensus decisions that occur daily in the lives of many social animals, to our knowledge 
there is no study regarding decisions about the timing of return to sleeping sites. Here we analysed long term, 
low resolution (~1 fix / 15 minutes) GPS (Global Positioning System) data of meerkat groups combined with 
high resolution (1 fix / sec) GPS data and continuous audio recordings on specific individuals, collected over a 
short period of time. Specifically, we investigated the ranging behaviour of wild meerkat groups to identify (1) 
how group movements are coordinated; (2) whether the dominant individuals or all group members control 
the time of the return; and what factors affect the (3) timing, (4) speed and (5) directness of the return.  
 
 
METHODS 
Study site and population 
For this study, we used long-term data collected by the Kalahari Meerkat Project over the 13 years from 2002 
to 2015 on more than 60 groups, as well as acoustic and high resolution tracking data collected between 
January and March 2015 on 6 meerkat groups. The project is situated at the Kuruman River Reserve, in the 
Northern Cape of South Africa (26° 58’ S, 21° 49’ E). Details on the habitat and population are provided 
elsewhere (155). All animals in the population could be identified through individual dye mark combinations 
(67) and were habituated to close human handling and observation within less than 1 m. 
 
Data collection 
Long-term data 
Data on each group, ranging from 2 to 49 individuals, were collected on approximately three days per week 
in the morning, the evening or both. Morning observation sessions start at dawn and end after roughly 3h of 
foraging. The evening observation session starts when meerkats resume foraging after resting during the 
hottest hours of the day, and ends after 1.5 to 2h, when the group has returned to their sleeping burrow at 
sunset. The location of the morning and evening sleeping burrow, the number of individuals present in the 
group and the presence of pups (at the sleeping burrow or joining the foraging group), were recorded during 
each session. Furthermore, the observers following the group during each session took a GPS fix from the 
centre of the group every 15 min (accuracy: 95% of fixes within 5 m; eTrex H, Garmin International Inc., 
Olathe, KS, USA). Each meerkat was trained to climb onto electronic balances for a small reward of boiled egg 
or water at the start and end of the morning sessions as well as at the end of the evening sessions. This allowed 
us to calculate the difference between an individual’s evening and morning weight providing a measure of an 
individual’s daily foraging success.  
 
Acoustic data and high resolution tracking data 
Data were collected between January and March 2015 on six meerkat groups, with group sizes ranging from 
9 to 16 individuals (mean ± SD = 12.2 ± 2.9), during 17 evening sessions (described above), with two to three 
sessions per group and at least 3 days between visits to a group. The vocalizations and position of four 
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individuals (the dominant pair and two subordinates) was recorded by each of four observers. Vocalizations 
were recorded using a directional microphone (Sennheiser ME66 with K6 powering module) connected to a 
recorder (Marantz PMD660, sampling frequency 44.1 kHz, 16bit) at a distance of 0.3 m to 1.5 m to the 
individual. The position of each followed individual was inferred through the location of each observer, 
carrying a small device (22g, CCD ltd) that recorded the GPS track at 1Hz frequency (accuracy: 99% of fixes 
within 5m, 82% of fixes within 2m) and sound continuously (sampling frequency 48 kHz, saved in mp3: 
bitrate = 160 kBit/s), subsequently called GPS/audio unit. Up to 4 additional meerkats (mean ± SD = 1.6 ± 
1.4 individuals per group) were fitted with a GPS/audio collar before the start of each session. One person 
distracted the meerkat with water from a water bottle and another person attached the collar to the 
outstretched neck of the drinking meerkat. The length of the collar was adjusted in advance by measuring the 
neck of the meerkat during earlier sessions, in order to reduce the handling time for each individual. If a 
meerkat shied away from the collar, we did not attach a collar to the animal in question during this session.  
 
Data analysis 
Long term data 
For the analysis of long-term data, we only included groups that had been observed in both the morning and 
evening for a minimum of 10 times. This left us with 34 groups (group size: mean ± sd = 14.89 ± 7.01) over 
the full study period. For the remaining data, we calculated the distance between GPS fixes as well as the 
distance between each fix and the evening sleeping burrow, using the packages ‘move’ (100) and ‘geosphere’ 
(160) in R (version 3.3.0.) (96). From the distance between each GPS fix we calculated the total length of the 
foraging route throughout the whole day, standardized by the total time the group spent foraging. From each 
GPS fix in the afternoon session we calculated the distance to the evening sleeping burrow as well as the speed 
of the group during the 15 min time intervals between each GPS fix and from that the change in speed from 
one time-interval to the next. If the time between the last GPS point before arrival at the sleeping burrow and 
the time of arrival was shorter than 10 min we excluded the distance information of this time step from the 
analysis. We determined the mean daily weight gain of the group by first calculating the difference in weight 
between the morning and the evening session for each individual, and then taking the mean for the whole 
group. Furthermore, we calculated the mean weight gain of the subordinate individuals as well as the weight 
gain of the dominant female and the dominant male of each group. To investigate the influence of pups 
(defined as dependent individuals up to the age of 90 days) on the change in speed during as well as on the 
timing of the return, we divided the presence of pups into three sub categories: 1) no pups present, 2) pups at 
the sleeping burrow, and 3) pups foraging with the group. Finally, we calculated the time of sunset for each 
session, as meerkats generally return to their sleeping burrows around this time. 
 
Acoustic data and high resolution tracking data 
For the analysis of the acoustic data, we excluded three sessions due to the meerkats returning early because 
of stormy weather or due to an intergroup interaction during the session. For the other 14 sessions, we 
calculated the centroid of the group (mean x, y location of all observers and additional meerkats with 
GPS/audio units) as well as the time until sunset for each time step (1 Hz). We binned the vocalization data 
into 5 min time intervals, from the end of a session until the start of the session and in relation to the time of 
sunset. For each bin, we calculated the mean per capita call rates for both move and lead calls. We further 
calculated the call rate for the dominant female and the dominant male, as well as the mean call rate of 
subordinate meerkats. For the same time bins we scored the presence and absence of calls, which we used for 
the statistical analysis. Furthermore, we calculated the distance of the group’s centroid to the sleeping burrow 
at the start of each of the time bins.  
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Statistical Analysis 
Acoustic data and high resolution tracking data 
Statistical analysis was carried out using R (version 3.3.0.). To investigate whether move calls and lead calls 
were more likely to be emitted when the group was far away from the burrow or when it was getting late, we 
fitted two generalized linear mixed effects models (GLMM; Bates, Maechler, Bolker, & Walker, 2015) with the 
presence / absence of either move calls or lead calls as the response variable. As the data were highly zero 
inflated, we used presence / absence of calls as the response variable rather than absolute number, and 
assumed a binomial error distribution. This solved any problems with overdispersion (Overdispersion test 
(161): Observed Variance / Theoretical Variance = 0.49, Statistic = 139.43, p-value = 1). We included distance 
to the sleeping burrow, time until sunset, and the interaction between these two predictors as fixed effects 
and controlled for the session nested in group by fitting them in the random term. The explanatory variables 
where checked for collinearity and z-transformed by first calculating the mean and standard deviation for 
each variable and then for each variable subtracting the mean and dividing by the standard deviation. We 
found no significant autocorrelation in the call rates of either move or lead calls. To assess the importance of 
each explanatory variable, we used multi-model inference, fitting models containing all possible combinations 
of predictors (using the dredge function in the MuMIn package in R), and then computing their weighted AIC 
scores using the importance function. All models were ranked based on their corrected Akaike information 
criterion (AICc) and we present all models within 2 delta AICc of the top-ranked model. Models within 2 AICc 
units of the best model were also used to calculate averaged effect sizes (*standardised on two standard 
deviations following Gelman (2008)). We used a log likelihood ratio test to assess the significance of each of 
the fixed effects in the top-ranked model. The same process was used for all models described in the following 
and therefore will not be described in detail again below. 
To determine whether dominant individuals called more than subordinate individuals we subset the 
data and included only time bins when at least one call (either move or lead call) was emitted. We then log 
transformed the call rate and fitted a linear mixed effects model (LMM) with the log transformed call rate as 
response variable, the dominance status and sex of an individual, namely the dominant female, dominant 
male or subordinate female, subordinate male, as explanatory variable and the session nested in group as 
random effects. Again, we found no collinearity between the explanatory variables or autocorrelation in any 
of the models. We used multi-model inference to assess the importance of each explanatory variable. 
 
Long term movement data 
To investigate whether the time of return was affected by internal or external factors as well as whether the 
decision on the timing was a shared or a unshared decision, we fitted a LMM with the time of return, i.e. the 
remaining time until sunset, as response variable and after checking for collinearity, the group size, the total 
length of the daily foraging route, as well as the interaction between route length and the presence of pups at 
the sleeping burrow and finally the interaction between the mean weight gain of the subordinate group 
members and the dominant female’s and dominant male’s weight gain respectively as explanatory variables, 
with group as random term. As above described we used multi-model inference to infer the relative 
importance of the different predictors, and used model averaging to estimate the strength and direction of 
each effect.  
To test whether the mean speed of a meerkat group depended on extrinsic factors such as the length 
of the foraging route, the distance to the sleeping burrow, the group size and the remaining time until dusk 
or on the intrinsic state of meerkats indicated by their foraging success, we fitted a LMM with mean speed as 
the response variable and the number of non-pup group members, the mean weight gain, the interaction 
between the presence of pups at the sleeping burrow and the length of the daily foraging route, as well as the 
59 
 
 
interaction between the distance to the sleeping burrow and the time left until sunset, as explanatory variables. 
These two interaction terms were added to capture the likely change in the length of the route when pups are 
present in the group as well as the urgency, namely being far away from the sleeping burrow and late. We 
added the session nested within the group as random factor to account for multiple measurements within 
each session. Explanatory variables were checked for collinearity and z-transformed prior to model fitting, 
again by first calculating the mean and standard deviation for each variable and then for each variable 
subtracting the mean and dividing by the standard deviation. Once more we used multi-model inference to 
assess the significance of each explanatory variable. 
 To investigate whether the trajectories of meerkat groups become more directed depending on time 
until sunset and distance from the sleeping burrow, we first extracted the turning angles along each group 
trajectory, defined as the angle between consecutive group direction vectors. Turning angles close to 0 are 
associated with more directed paths, whereas turning angles that deviate from 0 (in either direction) represent 
more tortuous paths. To visualize how directness varied with time until sunset and distance from the sleeping 
burrow, we binned the data into 10 bins along each dimension (time and distance), with bin boundaries set 
by the 10% quantiles of the distributions of time until sunset and distance from burrow respectively. Next, we 
summarized the directness by calculating the circular variance of the turning angles for GPS data within each 
bin and subtracting this value from 1. Because turning angle distributions are centred around zero, this 
measure quantifies how much the turning angles deviate from 0, with low values of directness indicating 
tortuous paths and high values indicating straight paths. Finally, we fitted a linear model with the circular 
variance as the response variable and the interaction between the binned distance to the sleeping burrow and 
the binned time until sunset as the explanatory variables. The explanatory variables were checked for 
collinearity.  
 
RESULTS 
Acoustic data 
Our results show that move calls are significantly more likely to be emitted as the time until sunset decreases 
(Estimate ± SE = 0.34 ± 0.16, Log likelihood ratio test: χ2 = 7.69, P value = 0.02, N=283) (Figure 1). However, 
while the fitted model coefficients suggest slight trends (Figure 2a), the probability to emit move calls did not 
significantly change based on the group’s distance to the sleeping burrow (Estimate ± SE = 0.13 ± 0.21, Log 
likelihood ratio test: χ2 = 3.24, P value = 0.20, N=283), nor the interaction between the time to sunset and 
the distance to the sleeping burrow (Estimate ± SE = 0.06 ± 0.12, Log likelihood ratio test: χ2 = 2.16, P value 
= 0.14, N=283, Figure 2a). Lead calls, on the other hand, were increasingly likely to be emitted based on the 
interaction between the remaining time until sunset and the distance to the sleeping burrow, with lead call 
probability increasing when meerkats were late in the foraging session and still far from their sleeping burrow, 
(Estimate ± SE = 0.63 ± 0.22, Log likelihood ratio test: χ2 = 10.36, P value = 0.001; Figures 1 & 2b, N=283).  
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Figure 1: Mean move call rate (blue) and lead call rate (orange) per time bin (time to sunset). Times are binned 
into 5 minute intervals, with negative values indicating times before sunset and positive values indicating 
times after sunset. Error bars indicate the standard error of calls rates within each bin. 
 
 
Figure 2: (a) The probability to emit move calls and (b) the probability to emit lead calls depended on the 
distance to the sleeping burrow and the time left until sunset. The surface plot shows the predictions of the 
full model (LMM: including coefficients fitted for time until sunset, remaining distance to the burrow, and the 
interaction between distance and time). Note that the interaction between the distance and time was 
significant for lead calls but not move calls.   
 
We found no overall difference in the number of move calls emitted by individuals of different rank (Log 
likelihood ratio test: χ2 = 2.68, P value =0.44, N=290, Figure 3a). Similarly, we found no overall difference in 
the number of lead calls emitted by individuals of different rank (Log likelihood ratio test: χ2 = 5.32, P value 
= 0.15, N=84, Figure 3b). 
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Figure 3: Mean (point) and standard error (error bars) of the log transformed number of (a) move calls and 
(b) lead calls per 5 min time interval for each dominance and sex category. (df = dominant female; dm = 
dominant male; sf = subordinate female; sm = subordinate male) 
 
Long term data 
The speed and timing of meerkats’ return to their sleeping site depended on the foraging success of the group 
as well as the distance to the sleeping burrow and the remaining time until sunset (Figure 4a). In particular, 
the mean speed of a group in the afternoon session was associated with the interaction between the distance 
to the evening sleeping burrow and the time until sunset (Appendix Figure 1 & Table 1), with groups increasing 
their speed when they were far away and sunset was imminent. Speed was also affected by foraging success, 
with groups moving at higher speed when the mean weight gain of the group was higher (Appendix Table 1). 
We found no significant interaction between the presence of pups and the length of the daily foraging route. 
Larger groups moved at greater speed than smaller groups (Appendix Table 1).  
 
 
Figure 4: Importance scores from the multi-model inference on (a) the speed of the return to the burrow and 
(b) the time of the return to the burrow. Light grey bars stand for a negative coefficient and dark grey for a 
positive coefficient (see Appendix Table 1 & 2). The explanatory variables are dist (distance to the sleeping 
burrow), route (the total length of the daily foraging route), tss (time remaining until sunset), the interactions 
between dist and tss, pup (presence/absence of pups at the burrow and pups foraging with the group), gs 
(group size), mw (mean weight gain of the group), the interaction between pup and route, sw (the mean 
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weight gain of subordinate group members), dfw (the dominant female’s weight gain), dmw (the dominant 
male’s weight), and the interaction between dmw and sw and dfw and sw respectively. 
 
Meerkats also arrived significantly later at their sleeping burrow when the daily foraging route was long, when 
the group size was small, when pups were present, and when the mean weight gain of subordinate group 
members was low (Figure 4b, Appendix Table 2). We found no significant effect of the dominant female’s and 
dominant male’s weight gain on the timing of the return (Appendix Table 2). The circular variance of turning 
angles was significantly affected by the time until sunset (Log likelihood ratio test: F = 18.54, P value < 0.001, 
N=100) and the distance to the sleeping burrow (Log likelihood ratio test: F = 8.99, P value < 0.001, N=100), 
but not the interaction between the two (Log likelihood ratio test: F = 0.04, P value = 0.85, N=100), with 
groups becoming more directed the further they were from the burrow and the less time remaining until dusk 
(Figure 5). 
 
 
Figure 5: Directness (i.e. 1 - circular variance in turning angles) of meerkat groups as a function of time until 
dusk and distance from the sleeping burrow. Bins represent 10% quantiles of times and distances respectively, 
and point sizes indicate the amount of data in each bin (log scale). The points are plotted at the median of 
each bin, e.g. the last distance bin ranges from approximately 430m to 1000m distance to the sleeping burrow, 
with the median being at 540 m. The red dashed line indicates the time of sunset. Negative values give the 
times before sunset in minutes, positive numbers show the time after sunset. 
 
DISCUSSION 
Here we investigated how the decision to return to the sleeping burrow in meerkats was coordinated, whether 
it was shared among group members, and what factors affected the timing, speed, and directness of return. 
Meerkats used two call types when initiating the return to the sleeping site. We found that move calls were 
more likely to be emitted as dusk approached (with no significant effect of the distance to the burrow), while 
the production of lead calls depended on the interaction between the time until sunset and the distance to the 
burrow, with the highest lead call rates occurring when dusk was imminent and the meerkats were far from 
their sleeping burrow. Call rate did not depend on the rank or sex of an individual, with subordinate 
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individuals emitting similar numbers of move and lead calls as the dominant pair, suggesting that the decision 
to return is not monopolized by dominant individuals. The speed of the group at the return changed depending 
on the distance of the group to the sleeping burrow, the time until sunset, the mean daily weight gain of a 
group, group size, the length of the foraging route, and the presence of pups. This shows that the type of 
return (slow vs. fast) is affected by both intrinsic and extrinsic factors. Furthermore, groups moving faster the 
further they were from the burrow and the later it was, indicates that the type of the return is based on the 
urgency for the group to return. The movement of meerkat groups became more directed (smaller turning 
angles) the further away they were from their burrow, and the less time remaining until nightfall. Meerkats 
returned later to their burrow when group size was small, when pups were present (either at the sleeping 
burrow or foraging with the group), when their daily foraging route was long, and when the mean weight 
gain of subordinates was low. The weight gain of the dominant female and the dominant male had lower 
importance (based on multi-model inference) in affecting the timing of the return compared to the weight 
gain of subordinates. This is in line with our hypothesis that the return time is affected by the intrinsic state 
of an individual, measured as its daily foraging success. In addition, it suggests that the decision to return is 
shared among multiple individuals rather than being monopolized by dominant individuals.  
The dominant pair are the social leaders of the group and it has previously been shown that the 
dominant female is the most likely individual to initiate group departure from the burrow when her energetic 
demands are increased due to pregnancy or lactation periods (157). In contrast, our results are more in line 
with the hypothesis that the decision to return to the burrow is shared. If either of the dominant individuals 
controlled the decision to return, we would expect their weight gain to be more important in predicting the 
group’s return time than the weight gain of subordinates. However, we found that the mean weight gain of 
subordinates was more important in the model predictions, with the group returning later when the weight 
gain of subordinate group members was low. In addition, the finding that subordinate meerkats gave similar 
numbers of move and lead calls as the dominant pair supports the hypothesis that the decision to return is 
shared. However, this does not exclude that group members might be more likely to follow calls given by 
dominant rather than subordinate individuals. Furthermore, the current study does not test whether 
individuals may still vary in their propensity to give move and lead calls or to be followed independent of 
dominance. Experiments will be necessary to confirm the hypothesis of shared decision-making. For example, 
move and lead calls from different individuals within the group should be played and the movement response 
of the group recorded.   
For many diurnal species, predation risk increases with the approach of dusk, as predator detection 
decreases (163, 164) and dropping temperatures after sunset can lead to an increased heat loss for each 
individual (6). These factors increase the costs for each individual substantially as night falls, probably leading 
to an increase in the urgency for the group to return to its sleeping site. This suggests that the speed of return 
and the directness of a group are urgency based, with groups increasing their speed and moving in a more 
directed fashion shortly before sunset and when they are far away from their burrow. The use of move and 
lead calls may also be based on urgency, as the probability to emit move calls depended only on the remaining 
time until sunset, but the probability to emit lead calls depended on both the time and the distance to the 
burrow. Move calls have been shown to be used during quorum decisions (49) while lead calls were shown to 
be followed when produced by a single individual (157), indicating a potential change from a shared decision 
to an unshared decision (though not necessarily led by the dominant individual) with an increase in urgency. 
This would be similar to house-hunting ants, shown to adjust their decision time by decreasing their quorum 
threshold when in an urgent situation (29). However, to fully understand how the decision-making process 
of meerkats is affected by urgency, controlled experiments will be needed. 
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 Our results show that the type and the timing of the return depend on the intrinsic state of group 
members, here measured through daily weight gain. When the foraging success of the group is low (low mean 
daily weight gain), individuals might compensate by increasing the time searching for food and returning 
later, thereby moving faster when returning at the last possible moment. This is also consistent with the idea 
that when the daily foraging route is very long, groups have to move at greater speeds in order to return to 
the burrow before dark. Similarly, when pups are at the burrow or join the foraging group, the energetic 
demands of group members increase (156, 165–167) and individuals might therefore prolong their foraging 
time to satisfy these energetic demands. In general meerkats do not change their sleeping site while they have 
pups at their burrow (155), and this will affect their foraging success and their choice of foraging routes, e.g. 
groups might stay closer to the babysitting burrow while foraging patches are still available and might travel 
further away when foraging patches are depleted. While bigger groups seem to generally move faster, smaller 
groups returned later. This could be due to the increased need for each individual to be vigilant in smaller 
groups (95) and the ensuing reduction in time spent foraging.  
 The timing and the speed of return also depended on extrinsic factors such as the distance to the 
sleeping burrow and the remaining daylight. This is to be expected, as when the group is far from a burrow 
and it is getting dark, it needs to cover larger distances in a short amount of time. If the decision about the 
timing of return were solely based on the remaining distance to the burrow, we would expect meerkats to 
return at the same speed independent of distance to their burrow. This is because the decision to return would 
be taken earlier when the group is far away and later when the group is very close. It follows that the actual 
decision on the timing of the return might depend mainly on intrinsic states, e.g. level of satiation related to 
the foraging success, while the type of return, i.e. slow vs. fast, might be based on extrinsic factors, such as 
the remaining time of daylight and the distance to the burrow.  
In conclusion, our results provide evidence that the decision about the timing of the return is shared 
among multiple group members, and suggest that the speed of the group and the use of vocalizations are 
based on urgency. This raises the possibility that the underlying decision-process changes from shared to 
unshared depending on time constraints, as suggested by the fact that lead calls are given more often when 
the group is far from its burrow when dark is falling. Furthermore, we demonstrate that the timing of the 
return to the burrow is dependent on the internal state of group members, whereas the travel speed at the 
return is also influenced by external factors. While we find parallels to initiation processes from resting to 
foraging, the decision-making process in the evening, which initiates a change from foraging to resting, is 
more likely to be shared, whereas decisions from resting to foraging have been shown to be unshared in 
meerkats (157). Our study highlights the importance of time constraints during decision-making processes 
and its impact on the level of decision sharing in natural systems. Fully understanding how animal groups 
make consensus decisions will require additional studies of the initiation of changes in group activities under 
time constraints, including experimental manipulations, across different contexts.  
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APPENDIX TO CHAPTER 4 
 
 
 
 
 
Figure 1: Mean speed of a meerkat group against the distance to the sleeping burrow and the time left until sunset 
Negative numbers on the x-axis indicate times before sunset and positive numbers times after sunset and ‘0’ indicates 
the time of sunset. Groups moved at high speed when the distance to the sleeping burrow was high and little time 
remained until it was dark. The surface plot shows the predicted values based on the linear mixed effects model (LMM). 
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Table 1: Model summary statistics for the effects of different explanatory factors on mean speed of the group using data calculated from N = 1880 sessions. The mean speed of the group was 
used as response variable in a LMM. Models within 2 AICc units of the best model are highlighted in bold and were used to calculate averaged effect sizes (*standardised on two standard 
deviations following Gelman (2008)[54]. Factors included are: dist (distance to the sleeping burrow), mw (mean weight gain of the group), gs (group size), pup (absence of pups, presence 
of pups at the burrow and pups foraging with the group), route (the total length of the daily foraging route), tss (time remaining until sunset) and the interactions between dist and tss and 
pup and route respectively. (df: degrees of freedom; w: relative model weights) 
 Intercept dist mw gs pup route tss dist*tss pup*route df LogLik AICc ΔAICc w 
Model 1 0.085 0.012 
0.00
2 
0.00
3 + 
0.02
4 
0.02
7 0.015  12 12605.64 -25187.2 0.00 0.53 
Model 2 0.085 0.012 
0.00
2 
0.00
3 + 
0.02
4 
0.02
7 0.015 + 14 12607.38 -25186.7 0.52 0.41 
Model 3 0.085 0.012  0.003 + 0.024 0.027 0.015  11 12601.66 -25181.3 5.94 0.03 
Model 4 0.085 0.012  0.003 + 0.023 0.027 0.015 + 13 12603.64 -25181.2 5.99 0.03 
…               
Averaged parameters                 
Estimate* 0.085 0.012 0.002 0.003 -0.009 -0.009 0.024 0.023 0.015 0.002 0.000      
Unconditional SE 0.001 0.001 0.001 0.001 0.003 0.001 0.001 0.001 0.001 0.003 0.001      
Upper 95%CI 0.087 0.014 0.003 0.004 -0.004 -0.006 0.026 0.028 0.016 0.007 0.003      
Lower 95%CI 0.082 0.010 0.001 0.002 -0.015 -0.011 0.022 0.025 0.014 -0.003 -0.002       
Relative importance  1.00 0.97 1.00              1.00 1.00 1.00 1.00            0.46      
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Table 2: Model summary statistics for the effects of different explanatory factors on the return time calculated on data collected during N= 739 sessions. The remaining time until sunset was 
used as response variable in a LMM. Models within 2 AICc units of the best model are highlighted in bold and were used to calculate averaged effect sizes (*standardised on two standard 
deviations following Gelman (2008)[54]. Factors included are: dfw (the dominant female’s weight gain), dmw (the dominant male’s weight), sw (the mean weight gain of subordinate group 
members), gs (group size), route (the total length of the daily foraging route), and the interaction between dfw and sw and dmw and sw respectively. (df: degrees of freedom; w: relative 
model weights) 
 Intercept dfw dmw sw gs pup route dfw:sw dm:sw pup:route df LogLik AICc ΔAICc w 
Model 1 -27.90    -2.26 -2.40 + 4.00   + 10 -3146.60 6313.5 0.00 0.21 
Model 2 -27.84 0.42  -2.48 -2.41 + 4.01   + 11 -3145.81 6314.0 0.47 0.17 
Model 3 -27.90   -0.09 -2.22 -2.40 + 4.00   + 11 -3145.98 6314.3 0.81 0.14 
Model 4 -27.83 0.46 -0.17 -2.41 -2.41 + 4.01   + 12 -3145.15 6314.7 1.22 0.12 
Model 5 -27.61  -0.06 -2.23 -2.41 + 4.06  -0.51 + 12 -3145.24 6314.9 1.40 0.11 
Model 6 -27.67 0.36  -2.40 -2.42 + 4.01 -0.36  + 12 -3144.28 6315.0 1.48 0.10 
Model 7 -27.56 0.42 -0.13 -2.40 -2.42 + 4.07  -0.49 + 13 -3144.44 6315.4 1.87 0.08 
Model 8 -27.65 0.40 -0.22 -2.31 -2.42 + 4.01 -0.37   13 -3144.60 6315.7 2.19 0.07 
                
…                
Averaged parameters     
 
            
Estimate* -27.79 0.21 -0.05 -2.34 -2.41 0.21 5.35 4.01 -0.04 -0.10 -1.23 -1.71      
Unconditional SE 1.44 0.58 0.52 0.76 0.74 2.82 1.44 0.85 0.21 0.31 1.96 1.51      
Upper 95%CI -24.96 1.35 0.97 -0.85 -0.96 5.74 8.17 5.70 0.37 0.51 2.61 1.26      
Lower 95%CI -30.63 -0.93 -1.08 -3.83 -3.86 -5.33 2.52 2.34 -0.46 -0.72 -5.07 -4.68       
Relative importance  0.56 0.54 0.99 0.99            1.00 1.00 0.21 0.22         0.82      
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GENERAL DISCUSSION 
 
 
Two of the main questions in the field of collective animal behaviour are how moving animal groups 
coordinate and how they make decisions. Group coordination can be strongly affected by environmental 
factors and offers a unique opportunity to study the influence of changes in the environment on social 
interactions and cooperation among group members. Previous studies mainly focused on the social 
interactions and constraints leading to the emergence of shared or unshared group decision-making, often 
neglecting the impact the environment might have on the decision-making and coordination processes. 
In this thesis, I tried to bridge the gap, according to the two main questions mentioned above; by 
investigating the spatial distribution of animals within a foraging group; investigating the cohesion 
mechanism of meerkats (Suricata suricatta) and how it is affected by extreme environmental conditions, 
and the decision-making process by which meerkat groups stop foraging and return to their burrow. 
In the first part of this discussion, I will focus on the importance of an individual’s spatial location 
on group cohesion and discuss the effect possible changes in individual spatial location might have on 
coordination. Moreover, I will briefly discuss the importance of environmental pressures on the level of 
decision sharing in animal groups. In the second part I will examine the effect of extreme changes in the 
environment on group coordination and its implications for the evolution of sociality. Lastly, I will 
combine all of the findings discussed previously to draw some final conclusions. With data gathered 
mainly through observations these thoughts will necessarily be speculative but they might nevertheless 
help to shed some light as well as encourage a more experimental approach for future research. 
 
Importance of an individual’s spatial location as well as urgency on group coordination 
As small mammals, meerkats are at high risk of predation, and they therefore benefit from staying within 
close contact to their conspecifics (71). Meerkats use close calls (close range contact calls) to maintain 
cohesion during foraging. Group members call at different rates based on their own age and rank, with 
young individuals calling at higher rates than older individuals (120, 128). Each member adjusts its call 
rate to the identity, and age (120, 121), as well as the distance to its nearest neighbour. In addition, 
individuals alter their call rate depending on their own spatial location within the group, calling less when 
located at the edge and more when located toward the centre of a subgroup or group (73). Thereby, close 
call rates have been shown to be highest at the centre-front of the group’s progression (73, 128). From 
this differential calling behaviour, a call pattern emerges which contains areas with a high number of 
animals and high close call rates, termed ‘vocal hotspots’, and areas with few animals calling at lower 
rates. Thus, each individual can trace the vocal hotspots and move toward the area where most calls are 
heard from, and where most of its group members are located (Chapter 2). This means that individuals, 
which associate with each other or are predominantly located at specific spatial locations, for example at 
the front of the group, likely have a greater influence on the cohesion mechanism than others.  
The spatial structure of meerkat groups did not show a correlation between any individual trait 
and a specific location within the group (Chapter 1). Instead, the dominant individuals were closely 
associated with each other and individuals of the same litter were less likely to be within close range of 
each other, indicating a strong influence of social affiliation and competition on the spatial association of 
group members. The lack of an association between specific locations (edge vs. centre) and specific 
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individual traits (dominance, age, sex) suggests that in principle all group members have a similar 
influence on group cohesion and on the direction of group movement during foraging. However, note that 
dominant females are more likely to lead the group away from the burrow in the morning when they are 
pregnant or lactating (157). While we collected the data of the spatial organisation of the group during the 
breeding season, only some of the dominant individuals were lactating at the time and we did not test 
whether differences in breeding status of the dominant or subordinate females have an effect on the 
spatial organisation and the according influence of group members on group coordination. To test this 
significantly more data would be necessary controlling for different breeding stages of the dominant or 
subordinate individuals. We also did not find a spatial association among individuals according to their 
age. An association of many young individuals would lead to an area with especially high close call rates - 
i.e. a vocal hotspot - and an aggregation of mainly older individuals would lead to areas with especially 
low call rates. I found no evidence for either scenario in the analysis (Chapter 1), suggesting that 
individuals of the all age classes have a similar influence on vocal hotspots and thereby the cohesion and 
coordination of foraging meerkat groups. 
While all individuals seem equally important for the maintenance of group cohesion during 
foraging in general, at any given moment in time, only part of the group seems to actively influence the 
direction of group movement. Close call rate is highest toward the front-centre of the group (73, 128), 
even though the individuals located in that position do not necessarily have the highest baseline call rate. 
Individuals at the front of the group’s progression thus seem to actively increase their call rate. As 
meerkats move toward vocal hotspots (Chapter 2), individuals at the front might exert a greater influence 
on the direction of group movement than individuals at the centre or back of the group. Thus, meerkats 
moving at the front of the group might be actively leading the group in a preferred direction. Meerkats 
can identify group members based on the acoustic signatures of their close calls (121) and this ability might 
allow potential followers to assess whether following a specific individual is beneficial or not. For example, 
older individuals might not follow the direction of very young, inexperienced foragers even though call 
rates might be high. Instead, we might expect young individuals to move in the direction of older, more 
experienced individuals. The avoidance of close proximity between litter mates (Chapter 1), likely due to 
high competition, also highlights the importance of individual identity. It is likely that littermates might 
not follow in the direction where only their littermate is calling but would require at least one additional 
individual to follow. To really show that individuals respond differently to group members with specific 
traits, playback experiments are necessary. 
The importance of certain individuals on the coordination of group movement during foraging is 
likely to change throughout the day. An individual’s motivation and inner state changes during the 
foraging session and accordingly its motivation to lead or to follow. In the morning, all individuals are 
likely to be very hungry, and the incentive to lead might be high for all individuals. However, as older 
individuals are the most experienced foragers, probably knowing in more detail where to find food, they 
are the most likely individuals to be followed during foraging in the morning, even though all individuals 
are able to lead the group in a given direction (168). In the afternoon, young and inexperienced foragers 
are likely less satiated than older individuals, making them the individuals with the highest incentive to 
lead the group to different foraging patches. These predictions are in line with differences in the spatial 
structure found between the study (Chapter 1) and two previously published studies (111, 112), which 
found that dominant and older individuals were more likely located toward the front of the groups 
progression and younger individuals more likely at the centre of the group. The different studies differ 
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mainly in the time of data collection, with the data in Chapter 1, having been collected during afternoon 
sessions, while the previous studies’ data were collected during the morning sessions (111, 112). Therefore, 
if none of the previous results are a false positive or false negative finding, which can happen when 
datasets are very small (169), these differences point toward the individual influence on group movement 
being highly flexible and dependent on time of day. 
These differences in spatial structure may be due to a higher predation pressure in the morning 
than the afternoon (Chapter 1). The influence of older and dominant individuals might therefore be higher 
under high predation risk (111, 112) and coordination may be more evenly shared when predation risk is 
lower (Chapter 1). This would be similar to the decisions to return to the sleeping burrow in the evening 
(Chapter 4). The decision to return to the sleeping burrow is less shared when the urgency to return is 
higher, specifically the less time remains until sunset and the higher the predation risk. In situations in 
which decisions become less shared, it is likely that older or dominant individuals take the lead, as they 
are more experienced and are likely to have more information on the location of good and safe foraging 
patches or of a good shelter and the best route to this shelter.  
An urgency-based change in the amount of decision sharing has previously only been shown in 
house hunting ants (Leptothorax albipennis), who, when given the choice between two new nest sites, 
reduced the quorum threshold to settle on a given new nest when their old nest was destroyed compared 
to when their old nest remained intact (29). In this case, the ants not only changed their quorum threshold, 
but also the accuracy of their nest choice, as the ants chose the lesser quality nest more frequently under 
the time constrained condition than under normal conditions. This trade-off between the speed and 
accuracy in decision-making is a common pattern and has been shown in a range of species (28, 148, 149, 
170, 171). In many cases a high degree of decision-sharing can lead to more accurate decisions, as several 
individuals can both pool their personal information and eliminate individual errors (172–174), indicating 
a strong relation between the amount of decision sharing and the speed-accuracy trade-off during decision 
making processes. While not all animals living in groups seem to face a speed and accuracy trade-off, and 
there seem to be some mechanisms like quorum responses allowing efficient information pooling as well 
as fast decisions (150), the above example in ants shows that under risky conditions or time constraints, 
the amount of decision-sharing can be adjusted. Changes in the amount of decision sharing can also be 
seen in human societies. For instance governments in many countries can declare a state of emergency 
and rule by decree (175). The rule by decree allows a single person to create laws, bypassing the 
presumably non-functioning parliament, institutions to enforce shared decision and in this case law-
making. In democratic states, this reduction in the amount of decision sharing is mostly enforced under 
extreme and urgent conditions, when decisions need to be taken fast. Therefore, it is likely that the ability 
observed in meerkats and previously described in ants and humans, to adjust the amount of decision 
sharing to the risks and urgency of a given situation, is a common but understudied pattern shared by 
many other group-living animals. 
 
The impact of extreme environmental conditions on group cohesion 
It has previously been suggested that harsh environmental conditions select for cooperation in animal 
species (147, 176). For instance cooperative breeding birds (177) and mammals (178) mainly occur in areas 
with fluctuating and harsh environments. Natural observations and experiments support this hypothesis, 
for example, a usually solitary marsupial, the brush-tailed phascogale (Phascogale tapoatafa), has been 
found to share nests in an especially hard winter (179) and pied flycatchers (Ficedula hypoleuca) were 
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more likely to cooperate with their neighbours to mob a predator in areas with high perceived predation 
pressure (180). Smaldino et al. (2013) investigated the theoretical underpinnings of this hypothesis (176) 
by modelling an environment where interacting with a co-operator is essential for survival. They found 
that, while in the short run defectors did better than co-operators, as they managed to retain more 
resources, co-operators did better in the long run, as only groups with a sufficient number of co-operators 
survived.  
Meerkats as a highly cooperative species, cooperate with other group members throughout the 
day in both reproductive and non-reproductive contexts. During foraging and under normal conditions, 
i.e. climatic conditions falling within the boundary of the long-term average, individuals benefit from 
moving in the direction of vocal hotspots, areas with many close calls, as they indicate the area where 
most meerkats are located, and therefore help each group member to maintain group cohesion. This 
cohesion mechanism relies on each group member calling according to its location within the group and 
the distance to its nearest neighbours, namely calling at high rates when located toward the centre, and 
at lower rates when located toward the edge of the group and when the distance to the nearest neighbour 
is high. Thus, when individuals increase their call rate independent of their location within the group, as 
observed during the extreme drought (Chapter 3) these individuals might in a way be regarded as less 
cooperative. These high close calls rates are likely driven by food scarcity, leading to an increased distance 
between group members and the need for each individual to focus on foraging. High close call rates by an 
individual are likely to shift the location of vocal hotspots toward the location of the caller. It has previously 
been shown, that hungry individuals are the most likely individuals to emerge as leaders (143), and 
accordingly very hungry individuals are more likely to increase their close call rate in order to lead their 
group members. These leading individuals are likely to benefit from leading rather than following, as they 
can keep contact with their group members who follow them, without having to disrupt their current 
activity. As long as the number of hungry leaders is relatively small, the group will still be able to maintain 
cohesion and the risk of separation from the group will be small. However, once the number of these 
hungry leaders is very large, receivers might not be able to perceive one global vocal hotspot, but might 
follow toward local hotspots created by the high call rates of especially hungry conspecifics. Following in 
the direction of these local vocal hotspots might in turn will lead to an increase in group splits as observed 
in Chapter 3 which can in turn have negative effects on survival (2).  
  Nevertheless, other processes could also generate the observed pattern. It is possible that during 
the drought meerkats have to call at high rates in order to avoid losing contact with the entire group, as 
an individual at the edge might be so far from the rest of the group that the only possibility to be heard is 
calling at high rates. Therefore, while the number of group splits we found during the drought was 
increased, it is potentially less high than if individuals would have called at normal rates, even though 
inter individual distances increased. If this is the case, individuals are not defecting. Instead the system 
breaks down, because individuals have to change the system of how frequently to call, and call at high 
rates independently of their location, while maintaining the system of where to follow, namely toward 
vocal hotspots, areas with many calls. Similarly, if the close call rate is increased solely by an increase in 
vigilance, the observed pattern might be created without individuals defecting. Meerkats differentiate 
between guarding and foraging close calls (146). Guarding close calls are given after an individual was on 
bipedal vigilance and can be used by other group members to change their own vigilance behaviour (146). 
One question that arises is whether meerkats can change the volume of their calls. While we did not 
investigate this in Chapter 3 and therefore have no information about it in this specific context, meerkats 
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in general were shown to be able to adjust the volume of their calls to changes in the amount of noise in 
the environment such as increased wind (unpublished data). Personal observations (pers. comm MM) on 
close call amplitude suggest that in high grass, where visibility is extremely low and background noise is 
likely higher, meerkats call louder and calls are longer. Therefore, meerkats might have increased the 
volume or the length of their calls in response to changes in group dispersion, however this is very 
speculative and would have to be investigated in more detail.  
During the extreme drought meerkats not only lost contact with their group members while 
foraging, but body condition was substantially reduced. As meerkats reproduced less and fewer pups 
survived, the population collapsed (unpublished data). This example indicates that in species such as 
meerkats, where group members are highly dependent on each other across contexts, cooperation can be 
highly beneficial for survival under ‘non-drought’ harsh conditions. However, cooperation can have 
devastating side effects when conditions change in an extreme way, as during drought periods. Under 
these extreme conditions, dependence on other group members increases the costs for individual survival, 
thereby putting not only each individual but the whole group at risk. One can speculate that if the drought 
would have lasted even longer, it might have wiped out the whole population, as more and more meerkats 
would have died of starvation, predation or disease while at the same time raising pups would not have 
been possible. The effectiveness of cooperation therefore depends on the general reliance on cooperation 
from group members and the flexibility of the mechanisms used to coordinate the cooperative effort (here 
the maintenance of cohesion). 
 
Concluding remarks 
Meerkats use vocal signals to maintain cohesion and to make decisions during foraging. While all group 
members are involved in the coordination process, some individuals are likely to have a greater influence 
than others. Furthermore, environmental factors likely play a critical role in driving and constraining 
group coordination. Meerkats pay attention to changes in their environment and share less in the decision-
making process when situations are more urgent (Chapter 4). Possibly they also adjust their spatial 
location to changes in predation pressure and foraging success (Chapter 1). In more general terms, this 
thesis clearly indicates that an individual’s preferences and motivation constantly change and that these 
changes strongly influence group coordination and the amount of decision sharing. Individual preferences 
can be influenced by many different factors, such as an individual’s satiation, breeding status or illness, 
and it can in turn strongly affect the amount of signalling, leadership, etc. Changes in an individual’s 
internal state will be especially strong in wild animals, where the environment is more variable. However, 
the data necessary to investigate these changes are notoriously difficult to collect in the wild.   
 Previous studies suggest that the level of satiation of each group member plays a significant role 
in determining who emerges as a leader (143, 168, 181) or who changes its current behaviour in other 
group activities that require coordination, such as guarding (95, 182, 183) or babysitting (64). These 
studies compare the relative satiation between individuals and do usually not account for temporal 
variation within each individual and its effect on group coordination. The internal state of individuals can 
vary on many different temporal scales, and in the case of the satiation level, the daily pattern might be 
quite different from a seasonal pattern influenced by general resource availability. To understand both 
levels, long term studies are necessary, which are rare for group living animals living in the wild.   
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 Group coordination can be strongly affected by the breeding status of each group member, and 
depending on the life history of each species the effect on each group will be different. For instance, 
marsupials and most mammals can carry their offspring within their womb rather than having to 
incubate or look after their eggs laid in a specific location, such as many birds, reptiles, amphibians, fish 
or insects. In many mammalian species, it is further quite common, that the offspring can follow the group 
within a couple of hours of being born, either by being carried, as in primates, or by being able to walk, 
as in antelopes. In these species group decision-making is less influenced by each individuals’ breeding 
decision, compared to groups where specific parts of breeding reduce the mobility of groups, potentially 
leading to group splits or to aggregations of usually non-group living animals into breeding groups (184). 
In mammals, the impact of an individual’s breeding status on group coordination has mostly been studied 
with respect to these individuals’ increased/decreased dietary requirements and according changes in 
preferred activity (11, 185). However, with changing hormone levels, associated with changes in breeding 
status, individual preferences will change beyond the need for more food. In animals living in stable social 
groups year round, with high individual costs connected to group fission, the reduction in mobility due to 
individual breeding attempts might be one factor leading to the evolution of cooperative behaviours 
connected to reproduction. To fully understand this, it will be essential to investigate in more detail how 
an individual’s breeding decisions affect other group members and the movement and coordination of the 
group as a whole.  
Illness is another important factor leading to changes in an animals behaviour (186, 187). Sickness 
has been shown to impact an individual’s social network (188) and it is clear that this is another important 
factor to take into consideration when studying group decision-making. As some diseases can  lead to very 
obvious symptoms and in some cases sickness behaviour can be induced, without the  animal being 
actually ill (188), it might offer a good opportunity to investigate its effect on group coordination and 
decision-making in the laboratory and potentially also in the wild. Many wild populations suffer from 
diseases and could be used as an opportunity to investigate the effect of disease on an individual’s 
preferences, its ability to coordinate with others and the resulting changes in group coordination and 
decision-making. For example, many meerkats at the Kalahari Meerkat Project suffer from Tuberculosis 
caused by Mycobacterium suricattae, with symptoms including big lumps on the neck and changes in the 
behaviour of disease ridden animals (189). Understanding the impact of diseases on an animals’ 
preferences and choices has also implications for human societies. We humans frequently suffer from 
diseases and so it is to be expected that our ability to make decisions and coordinate with others might 
similarly suffer during periods of illness. Of course different diseases will have different effects. However, 
understanding how different epidemics such as cholera, plague or influenza affected decisions taken by 
individuals and groups might help to further elucidate our own history. 
Animals are likely to signal their changes in preferences to their group members. Bringing 
together the study of communication and collective behaviour will be of key importance in order to 
understand decision-making processes and group coordination. Linking group coordination to changes in 
the environment will further help to elucidate the effect of changing individual needs and preferences on 
coordination. New technological advances make it possible to collect high resolution data on the 
environment as well as animals, namely measuring energy expenditure, heart rates and other 
physiological metrics as well as vocalizations or other signal modalities.  and allow to start tackling this 
problem not only in the lab but also in wild organisms.   
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In my thesis, I focused on the behavioural aspects of group coordination and decision-making. 
And while studying how different environmental conditions affect a given behaviour helps to understand 
which factors might have led to the evolution of said behaviour, we will only ever understand the full 
evolutionary process when we account for physiological constraints and the genetic basis of a behaviour. 
Genetic tools become more accessible as the genome of more and more species is being sequenced and it 
is time to use these tools to investigate the ultimate causes in more detail which led to the evolution of the 
varied decision-making and coordination processes we can observe around us.  
I sincerely hope that while this discussion is very speculative it will provide some fruit for thought 
and further investigations into this fascinating subject.  
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